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I am Professor in the Department of Neurosciences at Case Western Reserve University, 
Ohio, USA. 

I have been associated with teaching and research in the subject of Neurosciences for 
almost thirty years and have published approximately 100 peer-reviewed papers and 25 
review articles and chapters during this time. Examples of these publications together 
with details of my education are given in the short version of my curriculum vitae which 
is attached and shown as Exhibit A. 

My research relates to neurochemical plasticity in adult neurons. In recent years, my 
laboratory has focused on the molecules and cells involved in altering neuronal gene 
expression in response to axonal injury. The galanin peptide has been one molecule of 
long-standing interest and a major focus of my laboratory. 

I am familiar with the work of David Wynick in the field of galanin and nerve 
regeneration. 



5. I have reviewed the specification of US Patent Application Serial No. 09/230,463 ("the 
patent application"). I understand the technology described in the patent application. In 
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particular, I have reviewed claim 18 of the patent application and its meaning is clear to 
me. 

6. I have also reviewed the publication "The effects of pretreatment with tachykinin 
antagonists and galanin on the development of spinal cord hyperexcitability following 
sciatic nerve section in the rat" by Luo, L. and Wiesenfield-Hallin, Z. (1995) 
Neuropeptides 28 161-166 ("the Luo publication"). I understand the experiments 
described in that publication and the implications of the data resulting from those 
experiments. 

7. In addition, I have reviewed the Office Action mailed on 10 th March 2005, particularly 
item 5 of the Action in which the Examiner rejected claims 18 and 25-26 under 35 U.S.C. 
103(a) as being unpatentable over the Luo publication in view of Zhang et al (J. 
Neurocytology (1993) 22 342-381). 

8. The Luo publication demonstrates that galanin inhibits spinal cord electrical hyper- 
excitability for 60 minutes following nerve section (see Figure 3), at which point the 
animals were sacrificed. Galanin was administered 30 minutes before the nerve injury as 
a one-off bolus injection of 2.4nM (low dose) directly into the space surrounding the 
bottom part of the spinal cord (intrathecal (IT) administration into the lumbar 
enlargement, see page 163, paragraph headed "Effect of galanin" and Figure 3 of the Luo 
publication). The Luo publication deals exclusively with neuropathic pain and spinal cord 
excitability, not with peripheral nerve regeneration as claimed in the patent application. 
The mechanism by which the galanin rapidly alters pain activity is most likely by direct 
modulation of spinal cord neuronal firing rather than at the level of the dorsal root 
ganglion (DRG). 

9. When damage or injury to sensory or motor nerves (in this case the sciatic nerve) occurs, 
this triggers a cascade of molecular events within the cell bodies of that nerve, in this 
case the DRG, which in turn attempts to repair the damage and restore the normal 
function of the nerve, so-called nerve regeneration. The Protein Kinase C (PKC) and 
MAP Kinase (MAPK) intra-cellular signalling cascades have both been shown to up- 
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regulate after nerve injury and are vital for nerve regeneration (Klinz & Heumann (1995) 
J. Neurochem. 65 1046-53; Kiryu et al. (1995) Brain Res. Mol. Brain Res. 29 147-56). At 
the 1996 priority date of the patent application, no published literature existed to indicate 
that galanin speeded up nerve regeneration, nor that it activated PKC or MAPK. 

10. For regeneration to have occurred in the animals used in the experiments documented in 
the Luo publication during the 90 minute period before the animals were sacrificed, the 
galanin would have had to gain access to the cell bodies in the DRG, since this is where 
the intra-cellular pro-regenerative machinery resides (Terenghi (1994) J. Anatomy (Pt I) 
1-14). The only way that galanin, when applied to the space surrounding the bottom part 
of the spinal cord, could have reached the cell bodies of the sensory neurons in the DRG 
which is where "...the preliminary beginnings of regeneration..." would have occurred, 
is by direct uptake of the galanin by the nerve terminals in the dorsal horn of the spinal 
cord. The cell bodies of the sensory neurons of the DRG lie outside the central nervous 
system (CNS), whilst the spinal cord is part of the CNS. The cerebrospinal fluid (CSF) 
that bathes the spinal cord is not in contact with the DRG and thus galanin could not have 
reached the DRG by passive diffusion. 

11. There are well documented and active transport mechanisms in sensory neurons that 
move proteins from the nerve terminals of the spinal cord or the ends of the peripheral 
axons of the sciatic nerve to the cell bodies in the DRG, termed retrograde transport. A 
number of these retrograde transport mechanisms for Nerve Growth Factor (NGF) and 
Horseradish Peroxidase (HRP) have been extensively studied and characterized. There is 
good agreement between these published papers that the rate at which these retrograde 
transport processes move proteins from the rat dorsal horn of the spinal cord to the cell 
body in the DRG is a maximum rate of 7.5 mm/hour (range 2.5 - 7.5 mm/hr, Yip and 
Johnson, Jr. (1986) J. Neurocytol. 15 789-98; Richardson and Riopelle. (1984) J. 
Neurosci. 4 1683-9). 

12. Michael et al. (J. Neurosci. (1997) 17 8476-8490) found the nerve root of adult male 
Wistar rats (200-400g body weight) to be 17 mm in length. Similarly, Baba et al. (Baba et 
al. (1999) J. Neurosci. 2 859-867) found the dorsal root to be between 18-20 mm in 
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length in adult male Sprague-Dawley rats weighing 300-3 50g. Based on this, assuming 
the maximum rate of retrograde transport of galanin from the dorsal horn of the spinal 
cord to the DRG is 7.5 mm/hr and the length of the nerve root between the dorsal horn of 
the spinal cord and the DRG is at least 17mm in length, then the galanin would only have 
been transported 11.25 mm in the 90 minutes after galanin was administered before the 
animals were sacrificed (i.e. about two thirds of the way to the DRG). Galanin could not, 
therefore, have even begun to affect regeneration in the DRG cell bodies by the time the 
experiment was terminated. 

13. In addition, the concentration of galanin would have immediately and rapidly begun to 
fall straight after the administration of the bolus injection of 2.4nM galanin into the 
lumbar enlargement of the spinal cord. This would have occurred within seconds, as the 
galanin would immediately be diluted by the CSF and almost immediately would also 
have started to be degraded by proteolytic enzymes in the CSF (Bedecs et al. (1995) 
Neuropeptides 29 137-43). Therefore, even in the highly unlikely event that a small 
proportion of the galanin that was administered by bolus-dose to the spinal cord did reach 
the DRG by retrograde transport, the final dose would be substantially lower (in the sub- 
nanomolar range) than the originally administered IT (page 163 and Figure 3 of the Luo 
publication). In contrast, the dose of galanin demonstrated to stimulate nerve outgrowth 
from sensory neurons by direct application in cell culture to the DRG cell body is lOOnM 
galanin (Mahoney et al. (2003) J. Neurosci. 23 416-421). In light of this, the effective 
concentration of galanin that would have reached the DRG would have been at least 100- 
fold lower than that necessary to stimulate regeneration, again making it highly unlikely 
that galanin could have even begun to affect regeneration in the DRG cell bodies by the 
time the experiment was terminated. 

14. For these reasons, it is my view that one of ordinary skill in the art would have no 
incentive, on reading the Luo publication, to imagine that galanin-induced nerve 
regeneration of the severed sciatic nerve would have begun during the time period 
utilized in the experiments of Luo et al. In addition, in light of the Luo et al. disclosure 
and on reading the disclosure in Zhang et al. that galanin may be suitable for use as an 
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analgesic in humans, one of ordinary skill in the art would have no motivation to 
administer a galanin agonist in a method for the treatment of peripheral nerve damage, 
wherein the peripheral nerve damage is treated by nerve regeneration, as claimed in claim 
1 8 as amended with the most recently filed Applicant's response. 

15. I further declare that all statements made herein of my own knowledge and belief are true 
and that all statements made on information and belief are believed to be true, and 
further, that the statements are made with the knowledge that willful false statements are 
punishable by fine or imprisonment, or both, under section 1001 of Title 18 of the United 
States Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 



Date: 
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NAME 

Richard E. Zigmond 


POSITION TITLE 

Professor of Neurosciences 


EDUCATION/TRAINING 


INSTITUTION AND LOCATION 


DEGREE 


YEAR(s) 


FIELD OF STUDY 


Harvard College, Cambridge MA 

Rockefeller U., NY, grad. stud. with Bruce McEwen 
Rockefeller U., NY, postdoc.with Don Pfaff 
U. of Cambridge, UK, postdoc. with Leslie Iversen 
Harvard Medical School/Children's Hospital, 
(Sabbatical with Michael Greenberg) 


BA cum 

laude 

Ph.D. 


1962-66 

1966-71 

1971- 72 

1972- 75 
2000-01 


Biology 

Neuroscience 
Neuroendocrinology 

Neurochemistry 
Molecular Biology 



Positions and Honors 

Appointments: Assist. Prof. (1975-81), Assoc. Prof. (1981-89) of Pharmacology, Harvard 
Medical School; Instructor in Neurobiology of Behavior at Cold Spring Harbor Lab. (1979-82); 
Prof, of Neurosci., Case Western Reserve Univ. (CWRU) School of Medicine (1989-present); 
Instructor in Neurobiology at Marine Biology Lab. (1981-84); Program Director, NIH 
Postdoctoral Training Program in Devel. Neurol. (198 1-89; 'Harvard Med. Sch.); Instructor on 
Review and Update in Neurobiology for Neurosurgeons (1984, 86, 88); Chair, Committee on 
Appointments and Tenure, Department of Neurosciences, CWRU (1991 -present); Chair, Gordon 
Conference on Neural Plasticity (1991); Program Committee, Society for Neuroscience (1991- 
93); Acting Chair. Department of Neurosciences, 1992-93). 

Fellowships and Special Grant Awards: Pop. Council Fellowship in Mammalian Reproduc- 
tion (1971-72); British- American Heart Found Fellowship (1972-73); Sloan Found. Fellowship 
in Neurochem. (1972-74); Klingenstein Fellowship in the Neurosciences (1987-1990); Mellon 
Found. Faculty Award (1976-1977); NIMH Research Scientist Development Award (1977-87); 
Javits Neuroscience Investigator Award (1987-94); NIMH Research Scientist Award (1987-94). 

Grant Review Committees: External review committee for the Lab. of Developmental 
Neurobiology NICHD (1985, 1990); Study Section for Tobacco-Related Disease Research 
Program of the Univ. of California (1993, 1994); Ad hoc Reviewer, Neurology C Study Section 
(Neuro C; 1995, 1996); Member, Neurological Sciences 1 Study Section (NLS1) and Molecular 
Developmental and Cellular Neurosciences Study Section (MDCN7; 1996-2000); Reviewer of 
Research at the Burke Medical Research Institute (1998). 
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Editorial Boards: J. Neurosci. Meth. (1978-1998), J. Neurosci (1985-91), ,4m?. Rev. Neurosci 
(1986-90), TINS (1 986-90), New Biol (1989-91), Adv. in Neurosci. (1989-present), 
Neuroscience (1996-present), J. MoL Neurosci. (1997-present), Autonomic Neuroscience: Basic 
and Clinical (formerly J. Auton. Nerv. Syst. (1998- ), NeuroSignals (formerly Biological Signals 
and Receptors (2001 -present). 

Selected peer-reviewed publications since 1998. 

1 . Rao MS, Sun Y, Escary JL, Perreau J, Patterson PH, Zigmond RE, Brulet P, Landis SC. 
Leukemia inhibitory factor mediates an injury response but not a developmental transmitter 
switch in sympathetic neurons. Neuron JJjl 175-1 185, 1993. 

2. Sun Y, Rao MS, Zigmond RE, Landis SC. Regulation of vasoactive intestinal peptide 
expression in sympathetic neurons in culture and after axotomy: The role of cholinergic 
differentiation factor/leukemia inhibitory factor. J Neurobiol 25:415-430, 1994. 

3. RC, Shadiack AM, Bennett TA, Sedwick CE, Zigmond RE. Changes in the macrophage 
population of the rat superior cervical ganglion after postganglionic nerve injury. J 
Neurobiol 27:141-153, 1994. 

4. Sun Y, Landis S, Zigmond R. Signals triggering the induction of leukemia inhibitory factor 
in sympathetic superior cervical ganglia and their nerve trunks after axonal injury. Mol Cell 
Neurosci 7:152-163, 1996. 

5. Hyatt-Sachs H, Bachoo M, Schreiber R, Vaccariello SA, Zigmond RE. Chemical 
sympathectomy and postganglionic nerve transection similarly increase galanin and VIP 
mRNA but not the peptides themselves. J Neurobiol 30:543-555, 1996. 

6. Sun Y, Zigmond RE. Leukemia inhibitory factor induced in the sciatic nerve after axotomy is 
involved in the induction of galanin in sensory neurons. Europ J Neurosci 8:2213-2220, 
1996. 

7. Zigmond, RE. Retrograde and paracrine influences on neuropeptide expression in 
sympathetic neurons after axonal injury. In: Cytokines and the CNS: Development, Defenses 
and Disease f RM Ransohoff, EN Benveniste, Eds) CRC Press, Boca Raton, pp. 169-1 86, 
1996. 

8. Zigmond RE, Hyatt-Sachs H, Mohney RP, Schreiber RC, Shadiack AM, Sun Y, Vaccariello 
SA. Changes in neuropeptide phenotype after axotomy of adult peripheral neurons and the 
role of leukemia inhibitory factor. Perspec Dev Neurobiol 4:75-90, 1996. 

9. Zhou Y, Deneris E, Zigmond RE. Differential regulation of levels of nicotinic receptor 
subunit transcripts in adult sympathetic neurons after axotomy. J Neurobiol 34 : 1 64- 1 78, 
1998. 

10. Shadiack AM, Zigmond RE. Galanin induced in sympathetic neurons after axotomy is 
anterogradely transported toward regenerating nerve endings. Neuropeptides 32:257-264, 
1998. 

1 1 . Shadiack AM, Vaccariello SA, Sun Y, Zigmond RE. Nerve growth factor inhibits 
sympathetic neuron's response to an injury cytokine. Proc Natl Acad Sci USA 95:7727-7730, 
1998. 

12. Mohney RP, Zigmond RE. Vasoactive intestinal peptide enhances its own expression in 
sympathetic neurons after injury. J Neurosci J_8:5285-5293, 1998. 

13. Zigmond RE, Mohney RP, Schreiber RC, Shadiack, AM, Sun Y, Vaccarriello SA, Zhou Y. 
Plasticity in gene expression in adult sympathetic neurons after axonal damage. Adv in 
Pharmacol 42:899-903, 1998. 

14. Nagamoto-Combs K, Vaccariello S, Zigmond RE. The levels of LIF mRNA in a Schwann 
cell line are regulated by multiple second messenger pathways. J Neurochem 72:1871-1881, 
1999. — 

15. Mohney RP, Zigmond RE. Galanin expression is decreased by cAMP-elevating agents in 
cultured sympathetic ganglia. NeuroReport 10:1221-1224, 1999. 
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16. Rittenhouse A R., Zigmond RE. The role of N- and L-type calcium channels in the 
depolarization-induced activation of tyrosine hydroxylase and release of norepinephrine by 
sympathetic cell bodies and nerve terminals. J Neurobiol 40:137-148, 1999. 

17. Boeshore KL, Luckey CN, Zigmond RE, Large TH. TrkB isoforms with distinct 
neurotrophin specificities are expressed in predominantly non-overlapping populations of 
avian dorsal root ganglion neurons. J Neurosci 19:4739-4747, 1999. 
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intestinal peptides on the regulation of tyrosine hydroxylase activity in sympathetic neurons. 
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19. Bibevski S, Zhou Y, Mcintosh J, Zigmond R, Dunlap M. Functional nicotinic acetylchoine 
receptors that mediate ganglionic transmission in cardiac parasympathetic neurons. J. 
Neurosci 20:5076-5082, 2000. 

20. Zigmond RE. Neuropeptide action in sympathetic ganglia: Evidence for distinct functions in 
intact and axotomized ganglia. AnnNY Acad Sci.921:103-108, 2000. 

21. Shadiack A, Sun Y, Zigmond R. Nerve growth factor antiserum induces axotomy-like 
changes in neuropeptide expression in intact sympathetic and sensory neurons. J. Neurosci. 
21:363-371,2001. 

22. Zhou Y, Deneris E, Zigmond R. Nicotinic acetylcholine receptor subunit proteins alpha7 and 
beta4 decrease in the superior cervical ganglion after axotomy. J Neurobiol. 46: 178-192, 
2001. 

23. Schreiber RC, Krivacic K, Kirby, B, Vaccariello SA, Tani M, Ransohoff RM, and Zigmond 
RE. Monocyte chemoattractant peptide- l(MCP-l) is rapidly expressed by sympathetic 
ganglion neurons following axonal injury. NeuroReport 12:601-606, 2001. 

24. Zigmond RE. Can galanin also be considered as growth-associated protein 3.2? TINS 
24:494-496, 2001. 

25. Takasu, AM. Dalva MB, Zigmond R, Greenberg, ME. Science. EphB receptors modulate 
NMDA receptor-dependent calcium influx and gene expression. Science 295: 491-495, 2002. 

26. Schreiber RC, Boeshore K, Vaccariello SA, Shadiack, Zigmond RE. A comparison of the 
changes in the non-neuronal cell populations of the superior cervical ganglia following 
decentralization and axotomy. J. Neurobiol. 53: 68-79, 2002. 

27. Zigmond R.E. Plasticity in the autonomic nervous system: Responses of adult sympathetic 
neurons to injury. In: Handbook of Autonomic Nervous System in Health and Disease (J 
Licinio and L Bolis, Eds) Marcel Dekker, New York, pp. 167-184, 2002. 

Research Support 

Sponsor: National Institutes of Health Award Number: NS 12651 

Dates: 7/1/2003-6/30/2004 Amounts: Current Direct Costs: 0 

Title: Experience and the Neurochemistry of the Synapse 
Percent Effort: 35% 

Brief description of the project: To identity the transmitter responsible for the non-cholinergic 
activation of TH in the SCG after preganglionic nerve stimulation, determine whether such nerve 
stimulation alters neuropeptide expression, determine whether PACAP and VIP are involved in 
feedback mechanisms regulating their own expression, examine the signals triggering the 
changes in nAChR receptor subunit mRNA expression in axotomized SCG neurons, determine if 
changes occur at the receptor level, and ask whether a phenomenon comparable to "disuse 
supersensitivity" is seen in these receptors as a result of changes in afferent nerve stimulation. 
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Review 

Peripheral nerve regeneration and neurotrophic factors 

GIORGIO TERENGHI 

Blond Mclndoe Centre, Queen Victoria Hospital, East Gr instead, Sussex, UK 
{Accepted 27 August 1998) 



ABSTRACT 

The role of neurotrophic factors in the maintenance and survival of peripheral neuronal cells has been the 
subject of numerous studies.- Administration of exogenous neurotrophic factors after nerve injury has been 
shown to mimic the effect of target organ-derived trophic factors on neuronal cells. After axotomy and 
during peripheral nerve regeneration, the neurotrophins NGF, NT-3 and BDNF show a well defined and 
selective beneficial effect on the survival and phenotypic expression of primary sensory neurons in dorsal 
root ganglia and of motoneurons in spinal cord. Other neurotrophic factors such as CNTF, GDNF and LIF 
also exert a variety of actions on neuronal cells, which appear to overlap and complement those of the 
neurotrophins. In addition, there is an indirect contribution of GGF to nerve regeneration. GGF is 
produced by neurons and stimulates proliferation of Schwann cells, underlining the close interaction between 
neuronal and glial cells during peripheral nerve regeneration. Different possibilities have been investigated 
for the delivery of growth factors to the injured neurons, in search of a suitable system for clinical 
applications. The studies reviewed in this article show the therapeutic potential of neurotrophic factors for 
the treatment of peripheral nerve injury and for neuropathies. 

Key words'. Nerve injury; peripheral neuropathy. 



PERIPHERAL NERVE INJURY AND 
REGENERATION 

The process of nerve injury and regeneration involves 
many interactions between cellular elements and 
between these and the extracellular matrix. Immedi- 
ately after axotomy, the proximal and distal nerve 
stumps retract, axoplasm leaks out and damaged 
membranes collapse. Macrophages are recruited to 
the site of the lesion during the first week postinjury 
(Perry et al. 1987), contributing to lysis and phago- 
cytosis of myelin and subsequent Schwann cell 
proliferation (Beuche & Friede, 1984). Both cell types 
secrete mitogens and growth factors which play a role 
in axonal regeneration and remyelination (De Vries, 
1993; Reynolds & Woolf, 1993). 

In the distal axonal stump, Wallerian degeneration 
takes place during the first few days postinjury. The 
axons degenerate, their myelin sheath detaches and 



degrades, and the degradation products, together with 
macrophage secretion, stimulate the Schwann cells 
within the distal stump to proliferate within their 
basal lamina tubes (Salzer & Bunge, 1980; Salzer et al. 
1980; De Vries, 1993), forming the bands of Biingner 
(Bunge, 1980). This proliferation continues for 
approximately 2 wk, with the Schwann cells forming 
a conduit which guides the regenerating axons to their 
target (Son & Thompson, 1995). Schwann cells are 
vital for the process of axonal regeneration (Hall, 
1986, 1997), and one of their roles is as a source of 
neurotrophic factors (Heumann et al. 1987; Acheson 
et al. 1991 ; Sendtner et al. 1992). These diffuse from 
the distal stump across the injury area to exert a 
trophic influence on the axons regenerating from 
the proximal stump (Reynolds & Woolf, 1993). The 
contact with regenerating axons stimulates a second 
phase of Schwann cell proliferation, which is mediated 
by a neuronally derived trophic factor specific for glial 
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cells. However, if axonal regeneration is delayed, 
Schwann cells decrease progressively in number and 
become less responsive to axonal regeneration (Li et 
al. 1997; Terenghi et al. 1998). 

In the proximal stump, the axons degenerate 
retrogradely as far as to the first node of Ranvier, 
creating a small area of wallerian degeneration. 
Within a few hours, the injured axons give rise to 
several neuronal sprouts (Wong & Mattox, 1991), 
whose number is in excess of the number of axons 
originally in the nerve fascicles. It has been proposed 
that this phenomenon is to maximise the chances for 
each neuronal cell reaching its target organ. Some of 
these sprouts will 'die back' through axonal pruning 
(Brushart, 1993) because of insufficient survival signal 
from the target organ, most probably in the form of 
growth factors. The terminal tip of the regrowing 
axons, or growth cone, responds to contact guidance 
cues and actively searches for a suitable matrix and 
environment to support the axonal growth (Bixby et 
al. 1988; Rutishauser, 1993). Schwann cells from the 
distal stump are the most effective substrate to 
produce and direct regeneration (Bixby et al. 1988), 
and successful axonal regeneration depends on the 
interaction between axons and glial cells (Hall, 1986, 
1997). Although the release and presence of growth 
factors play an important part in the regeneration 
process, an interaction between Schwann cell mem- 
brane and growth cone is mediated by cell adhesion 
molecules (CAMS) expressed by both elements 
(Rutishauser, 1993). There is also evidence to suggest 
that nerve growth factor (NGF), and other growth 
factors, released by Schwann cells may potentiate 
axonal regeneration by upregulating neuronal CAMS 
expression (Friedlander et al. 1986; Seilheimer & 
Schachner, 1987). 

During regeneration, the axons also respond 
selectively to tropic cues (Gu et al. 1995) and grow 
back preferentially towards the target organ which 
they originally innervated, although the mechanism 
regulating this specificity is not fully understood. 
Motor fibres will seek out and selectively, innervate a 
motor distal axonal stump (Brushart et al. 1987; 
Brushart, 1988; Rath et al. 1991 a). This phenomenon 
is thought to depend on the preferential expression of 
the L2 epitope by the myelinating Schwann cells 
associated with motor axons (Martini et al. 1994). The 
differential expression of this epitope on Schwann 
cells associated with sensory axons could provide a 
tropic cue for the motor axons to regenerate in the 
appropriate pathway. However, muscle sensory 
afferents retain a high degree of accuracy for 
reinnervation to the appropriate muscle (Madison et 



al. 1996) and sensory fibres reinnervate end organs of 
the same subtype originally innervated (Dykes, 1984). 
This is consistent with clinical finding that different 
types of sensation (i.e. pressure, pain, temperature, 
etc.) are not confused after reinnervation (Dellon, 
1981; Terzis & Smith 1990). It would seem that 
sensory nerves lack topographic specificity (Rath et al. 
1991 b), but they display target organ specificity, 
derived from the presence of specific neurotrophic 
factors. 

NEUROTROPHIC FACTORS 

Cytokines and growth factors are a varied group of 
polypeptides produced by different cell types and 
showing overlapping actions (Hopkins & Rothwell, 
1995; Rothwell & Hopkins, 1995). Although the 2 
terms are often used as synonyms, the major dis- 
tinction between the 2 is that cytokines are inducible 
while growth factor are constitutive. However, both 
are upregulated and particularly active in high- 
metabolism situations, such as trauma and inflam- 
mation. Cytokines and growth factors have been 
subdivided into families according to their sequence 
similarity and to the type of binding receptors 
(Hokpkins & Rothwell, 1995). Within the growth 
factor group, neurotrophic factors specifically in- 
fluence neuronal activity by promoting development 
and maturation during embryonic life, and by sus- 
taining maintenance during adult life and regeneration 
after injury. There are numerous neuronal growth 
factors, and it would be impossible to give here a 
comprehensive review. For this reason, this article will 
concentrate on the neurotrophins and on a few other 
growth factors, whose roles and actions have been 
shown to overlap and complement those of the 
neurotrophins in promoting peripheral neuron sur- 
vival and regeneration. 

The basic neurotrophic factor concept is defined by 
the hypothesis that trophic proteins are synthesised in 
the target tissues, and delivered to the neuronal soma 
via retrograde transport where they exert a trophic 
and survival effect (Purves, 1986; Oppenheim, 1991; 
Lindsay, 1996 a). During fetal development, the 
supply of growth factors is limiting for neurons 
innervating various J target tissues in order to select 
and sustain specific neuronal subpopulations, while 
the surplus neurons undergo cell death (Davies, 1996; 
Snider & Silos-Santiago, 1996). The first neuronal 
growth factor to be discovered, and the prototype for 
the concept of neurotrophic factors, is NGF, which is 
specific for a subset of primary sensory neurons and 
for sympathetic neurons (Levi-Montalcini, 1987). 
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ls[GF is produced by the target organs (Bandtlow et 
a l. 1987; Barde, 1990, 1994; Anand et al. 1996), from 
where it is delivered to the neuronal cell bodies by 
retrograde axonal transport (Di Stefano et al. 1992) 
following binding to specific receptors and internal- 
tsation by the nerve terminals (Thoenen & Barde, 
1980; Lewin & Barde, 1996). There is a wealth of 
information about the role and actions of NGF (see 
Rush et al. 1995 for review), which has also stimulated 
the research on other neurotrophic factors. 

Other members of the neurotrophin family include 
brain derived neurotrophic factor (BDNF) (Barde et 
al. 1978), neurotrophin-3 (NT-3) (Ernfors et al. 1990) 
and neurotrophin 4/5 (NT-4/5) (Berkemeier et al. 
1991 ; Hallbook et al. 1991). All these proteins have a 
high degree of amino acid homology with NGF 
(Glass & Yancopoulos, 1993; Maness et al. 1994). 
j They share a low-affinity receptor p75 (Chao et al. 
j 1986), to which they bind with equal affinity 
I (Rodriguez-Tebar et al. 1990, 1992). Although the 
I specific role of p75 is not completely understood, this 
receptor interacts with high affinity receptors be- 
longing to the tyrosine kinase (trk) receptor family 
j (Barbacid, 1994; Chao & Hempstead, 1995). Low and 
high affinity receptors are colocalised within the same 
| neurons (Verge et al. 1992) and their interaction is 
crucial for the internalisation of neurotrophic within 
the neuronal terminals (Gargano et al. 1997). Three 
trk receptors have been identified, each specific for a 
different neurotrophin : trkA is the signal transducing 
receptor for NGF (Kaplan et al. 1991), trkB is specific 
for BDNF and NT-4/5 (Klein et al. 1989, 1992), while 
NT-3 binds preferentially to trkC (Lamballe et al. 
1991). Cross-reactivity between NT-3 and other high 
affinity trk receptors has been reported, although the 
avidity of the binding and the potency of the neuronal 
response may be variable (Squinto et al. 1991 ; Davies 
et al. 1995; Ryden & Ibanez, 1996). 

All 3 trk receptors are distributed to discrete but 
partially overlapping subpopulations of primary sen- 
sory neurons, which give rise to different types of 
afferents and modulate specific sensory functions 
(McMahon et al. 1994; Wright & Snider, 1995; 
Bennett et al. 1996), while trkB and trk C are also 
present in spinal motoneurons (Ernfors et al. 1993; 
Funakoshi et al. 1993). Consistently, the target tissue 
innervated by the afferents of the different trk neurons 
express mRNA for the relevant neurotrophin (Davies 
et al. 1987; Maisonpierre et al. 1990; Ernfors et al. 
1992; Buchman & Davies, 1993; Griesbeck et al. 
1995). Hence the growth factors are retrogradely 
transported from the peripheral target organs to the 
appropriate neuronal cells (Di Stefano et al. 1992). 



Schwann cells in peripheral nerves also synthesise 
growth factors, and their synthesis is regulated by 
axonal contact or, in case of injury, loss of it (Reynolds 
& Woolf, 1993). 

Approximately a third of primary sensory neurons 
do not express trk receptors, and can be identified by 
the binding of the lectin IB4. These neurons have been 
found to express Ret mRNA, the signal transduction 
component of the receptor for glial-derived neuro- 
trophic factor (GDNF), a member of the transforming 
growth factor-/? (TGF-/?) superfamily (Lin et al. 
1993). Ret is a common receptor for GDNF and 
neurturin, and it interacts with either of 2 other 
receptor subunits, GFRa-1 and GFRa-2 (Jing et al. 
1996; Baloh et al. 1997). Ret receptors have been 
identified in small diameter primary sensory neurons, 
and colocalise with GFRa-1 and GFRa-2 subunits 
(Bennett et al. 1998). GDNF has a trophic effect on 
dorsal root ganglion cells as well as on motoneurons 
and autonomic neurons (Henderson et al. 1994; Buj- 
Bello et al. 1995; Matheson et al. 1997; Bennett et al. 
1998). 

Ciliary neurotrophic factor (CNTF) is a neuroactive 
cytokine which overlaps considerably with neuro- 
trophin in terms of neuronal specificity, although its 
cellular localisation, receptor structure and signalling 
pathway are distinct from those of the neurotrophin 
family (Ip & Yancopoulos 1992; Richardson, 1994). 
CNTF is abundantly present in normal peripheral 
nerves, being localised mainly in the cytoplasm of 
myelinating Schwann cells (Friedman et al. 1992; 
Rende et al. 1992). The mechanism of release of 
CNTF from the Schwann cells is still unclear as the 
protein lacks the signal sequence generally associated 
with secreted proteins (Stockli et al. 1989). Its CNTFa 
receptor has been localised to muscle and spinal cord 
(Davis et al. 1991; Helgren et al. 1994) and con- 
sistently CNTF promotes survival of motoneurons in 
vitro and in neonatal animals following axotomy 
(Arakawa et al. 1990; Sendtner et al. 1990). Despite 
these survival-promoting effects, the role of CNTF in 
normal adult neuronal trophic support is still 
unresolved, and it has been speculated that CNTF 
may act as an * injury factor', being released by glial 
cells in response to injury (Adler, 1993). 

A newly discovered growth factor which has been 
linked to peripheral neuronal survival is leukaemia 
inhibitory factor (LIF) (Yamamori et al. 1989). In 
vitro, the actions of LIF on sympathetic neurons are 
very similar to those of CNTF (Y amamori et al. 1989 ; 
Nawa et al. 1990). Like other neurotrophic factors, 
LIF is retrogradely transported by a subpopulation of 
small diameter neurons in dorsal root ganglia (DRG). 
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A large proportion of these neurons are also positive 
for trkA and CGRP, while the remaining are labelled 
by IB4 (Thompson et al. 1997). This overlap between 
neurons accumulating LIF and those responsive to 
NGF is much wider that that described for cells 
showing receptors for neurotrophin and GDNF 
(Michael et al. 1997; Bennett et al. 1998). These 
findings and the demonstration that sympathetic 
neurons transport retrogradely both to NGF and NT- 
3 from peripheral target tissues (Zhou et al. 1997) are 
consistent with the intriguing possibility that there 
may be multiple growth factor control on neuronal 
functions and survival. 

Glial growth factor (GGF) is a trophic factor 
specific for Schwann cells rather than neurons, but it 
has a significant role in the interaction of the 2 cell 
types. GGF was originally characterised as a Schwann 
cell mitogen, and only subsequently it was found to be 
part of a family of proteins known as neuregulins, 
encoded in a single gene and differentially spliced 
during transcription (Marchionni et al. 1993). The 
neuregulin proteins acts via heterodimers of erbB2, 
erbB3 and erbB4 receptors (Carraway & Burden, 
1995) which are also present on glial cells. Neuregulin 
mRNA is expressed by primary sensory neurons, 
motoneurons and sympathetic neurons (Marchionni 
et al. 1993; Chen et aL 1994). During development, 
GGF is trophic for Schwann cell precursors and 
stimulates cell proliferation (Dong et al. 1995) and is 
critical for the survival of Schwann cells in developing 
neuromuscular junctions (Tranchtenberg & 
Thompson, 1996). In adults, GGF increases Schwann 
cell motility and proliferation, the 2 effects being 
dependent on the concentration of growth factor 
available to the glial cells (Mahanthappa et al. 1996). 
Hence GGF may promote neuronal survival and 
proliferation indirectly, by promoting glial cells- 
neuron interaction (Reynolds & Woolf, 1993). 

It is clear that trophic factors play an important 
role during development as well as in adult life. It has 
been found that some neuronal populations may be 
sustained during development by a specific trophic 
factor, but they switch to a different trophic support 
in adult life as shown by the changing pattern of 
expression of different neurotrophins (Maisonpierre 
et al. 1990; Zhang et al. 1994; Oakley et al. 1995; 
Verdi et al. 1996; Belliveau et al. 1997; Rush et al. 
1997). Similarly, the IB4-labelling subpopulation of 
primary sensory neurons start to express the Ret 
receptor for GDNF perinatally, after the down- 
regulation of NGF-binding trkA which is prevalent in 
these cells during fetal development. In adult life, IB4- 
labelled cells do not express trk receptors and are 



totally dependent on GDNF trophic support 
(Molliver et al. 1997). In adults, peripheral nerve 
injury seems to recapitulate, at least partially, the 
events which occur during development, with regu- 
latory changes of trophic factors and their receptors. 

NEUROTROPHIC FACTORS AND NEURONAL 
RESPONSE TO INJURY 

Primary sensory neurons 

In adults, peripheral nerve injury is followed by 
significant neuronal cell death in the DRG, with 
20-40% of neurons within the DRG being lost 
(Ardvidsson et ah 1986; Schmalbruch, 1987; Himes & 
Tessler, 1989; Liss et al. 1994), most probably due to 
apoptosis (Edstrom et al. 1996; Groves et al. 1997). 
There is also downregulation of trk receptor ex- 
pression in response to a peripheral nerve lesion and 
to availability of neurotrophic factors (Ernfors et al. 
1993; Krekowski et ah 1996). These changes are 
counteracted by the exogenous administration of 
neurotrophins (Verge et al. 1996), which can also 
improve the physiological activity of the sensory 
neurons (Munson et aL 1997). 

Following axonal injury, Schwann cells of the distal 
stump upregulate the synthesis of NGF, BDNF, NT- 
4 and p75, but not NT-3 (Heumann et aL 1987; Meyer 
et aL 1992; Funakoshi et al. 1993; Anand et al. 1997). 
The increase of the low-affinity receptors is detectable 
before axonal degeneration (Robertson et al. 1995) 
and it is thought that the combined NGF and p75 
increase may promote the proliferation and migration 
of Schwann cells (Anton et al. 1994). However, the 
neurotrophin levels made available at the site of injury 
are not sufficient to compensate for the lack of target 
derived neurotrophic factor to maintain cell survival 
(Johnson et al. 1985; Heumann et al. 1987). In those 
neurons which survive the initial insult, the regen- 
erative response is accompanied by a shift in synthesis 
of mRNA, which is best characterised by the 
modification in phenotypic neuropeptide expression 
in primary sensory neurons. There is a downregulation 
of calcitonin gene related peptide (CGRP) and 
substance P (SP), whose expression in small and 
medium size sensory neurons is regulated by NGF 
(Lindsay & Harmar, 1989). Changes of retrogradely 
transported signal not linked to NGF also cause 
upregulation of vasoactive intestinal peptide (VIP), 
neuropeptide Y (NPY) and galanin in well defined 
neuronal subpopulations (Kashiba et aL 1992; 
Hokfelt et al. 1994; Zhang et al. 1995; Wakisaka et aL 
1996). The link between trophic factors and peptide 
phenotypic expression has been used as a marker of 
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neuronal injury and of the response of subpopulations 
of DRG neurons to trophic factors. Evidence from in 
vitro studies support the contention that neuropeptide 
alterations are regulated by neurotrophic factors 
(Lindsay & Harmar; 1989; Mulderry, 1994; Kerekes 
et al. 1997)- Consistently, in vivo administration of 
NGF reverses the decrease of CGRP and SP ex- 
pression in small diameter primary sensory neurons 
due to nerve injury (Fitzgerald et al. 1985; Wong & 
Oblinger, 1991 ; Verge et al. 1995), while GDNF acts 
on somatostatin expression in small size neurons 
which are not responsive to NGF (Bennett et al. 
1998). Also, administration of NT-3 downregulates 
NPY immunostaining in large diameter sensory 
neurons (O'Hara et al. 1995; Verge et al. 1996; Sterne 
et al. 1998), and LIF influences the expression of 
galanin on small diameter neurons (Corness et al. 
1996; Sun & Zigmond, 1996; Thompson et al. 1998). 

At present, there is no recognised role for BDNF 
regulation of expression on any known peptide or 
neuronal marker. BDNF is synthesised in adult 
primary sensory neurons (Ernfors et al. 1990; Cho et 
al. 1997), and a generalised autocrine role of BDNF 
on sensory neurons has been suggested following in 
vitro experiments (Achenson et al. 1995). However, in 
vivo BDNF mRNA is mainly expressed in trkA 
neurons (Kashiba et al. 1997) and only occasionally in 
trkB cells, which would not support an autocrine role 
for this neurotrophin (Michael et al. 1997). Recently, 
it has been shown that NGF increases BDNF 
synthesis in almost 90% trkA-expressing DRG cells 
(Cho et al. 1997; Michael et al. 1997). Similarly a 
BDNF increase is found in many trkA DRG neurons 
following peripheral inflammation (Cho et al. 1997), 
possibly as a response to peripheral NGF, which acts 
as mediator in inflammation and pain processing 
(McMahon et al. 1995; McMahon, 1996; Woolf 
1996). BDNF is transported axonally to the central 
and peripheral processes of the trkA neurons (Zhou & 
Rush, 1996; Michael et al. 1997), where it is found in 
dense-cored vesicles (Michael et al. 1997). Axotomy 
increases the synthesis and anterograde transport of 
BDNF from sensory neurons (James et al. 1998) and 
it has been postulated that it might act as an 
anterograde trophic messenger, being released in the 
dorsal horn under the influence of NGF and modu- 
lating nociceptive signalling (Michael et al. 1997). 
However, a small percentage of trkC neurons and 
some IB4 labelled small cells also express BDNF 
mRNA, and NGF treatment does not have any effect 
on BDNF synthesis in these cells (Michael et al. 1997), 
which leaves the question of BDNF role in DRG still 
open. 



Following nerve axotomy, GGF mRNA increases 
rapidly in dorsal root ganglia neurons, coinciding 
with the beginning of Schwann cell proliferation in the 
distal nerve stump (Li et al. 1997). Expression of 
erbB2 and erbB3 receptors on distal nerve stump glial 
cells is also upregulated initially after injury (Li et al. 
1997), and this increase persists in response to GGF, 
indicating a coordinated response to axotomy between 
axon and Schwann cells (Carroll et al. 1997). Another 
example of this interrelationship is the rapid apoptotic 
death of Schwann cells at neuromuscular junctions 
following axotomy, which is prevented by injection of 
GGF (Trachtenberg et al. 1996). 

Motoneurons 

Nerve axotomy produces a progressive loss of choline 
acetyltransferase and increased expression of trkB 
and p75 in motoneurons (Friedman et al. 1995), 
although the upregulation of p75 has been related to 
axonal regeneration rather than to a signal of nerve 
damage (Rende et al. 1993). The changes are par- 
ticularly evident in brainstem motoneurons, compared 
with spinal motoneurons (Rende et al. 1997), possibly 
due to the different responsiveness of the motoneurons 
to different growth factors released peripherally. 

BDNF has been shown to reduce motoneuron 
death after axotomy in neonatal animals (Yan et al. 
1992) and in adults after ventral root avulsion 
(Novikov et al. 1995; Novikova et al. 1997). Intra- 
thecal administration of BDNF reverses both soma 
atrophy and reduction of choline acetyl transferase in 
motoneurons (Kishino et al. 1997). Similar beneficial 
effects were also observed after BDNF administration 
to the axotomised hypoglossal (Wang et al. 1997) and 
sciatic (Friedman et al. 1995) nerves, although the 
effect of BDNF appears to be dose dependent 
(Vejsada et al. 1994,1995). 

CNTF has a potent trophic role on motoneurons 
during development and postnatally (Sendtner et al. 
1990; Richardson, 1994) and recently a direct effect of 
CNTF has also been shown on adult motoneuron 
survival in vivo (Sendtner et al. 1997). Following 
nerve injury, CNTF in Schwann cells of the distal 
stump is reduced considerably, this reduction 
extending to the neuromuscular junction (Hiruma et 
al. 1997). This deficit might explain the beneficial 
effect of CNTF administration on target organ motor 
reinnervation. Indeed, systemic CNTF administration 
enhances muscle fibre reinnervation and intra- 
muscular nerve branching (Ulenkate et al. 1994), 
while promoting the preservation of muscle mass 
(Newman et al. 1996). CNTF also stimulates increased 
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myelination of regenerating axons (Sahenk et ah 
1994), but without any significant effect on the 
regeneration of proximal axons (Ulenkate et al. 1994). 

As CNTF and LIF utilise common signalling 
pathways (Ip et al. 1992) and have overlapping 
actions on peripheral neurons, it has been suggested 
they may have a common mechanism of action. Both 
CNTF and LIF show increased peripheral retrograde 
transport after nerve injury (Curtis et al. 1993, 1994). 
The fact that LIF mRNA is increased in peripheral 
nerve after axotomy (Sun et al. 1996) and that it is not 
readily taken up by intramuscular terminals (Curtis et 
al. 1994) has led to the suggestion that the source of 
LIF may not be the target muscle but Schwann cells, 
as for CNTF. Indeed, an upregulation of LIF mRNA 
can be induced in cultured Schwann cells (Matsuoka 
et al. 1997), and LIF administration to the axotomised 
nerve enhances nerve regeneration and myelination, 
while also increasing muscle mass and muscle con- 
traction force (Tham et al. 1997) Consistently in LIF 
knockout mice, muscle regeneration is significantly 
reduced, but counteracted by LIF infusion (Kurek et 
al. 1997). 

NT-3 mRNA is present in significant amounts in 
adult skeletal muscle (Griesbeck et al. 1995), exerting 
a trophic role for sensory neurons innervating muscle 
spindles and for motoneurons (Ernfors et al. 1994; 
Tessarolo et al. 1994). The strong trophic effect on 
muscle sensory afferents is evident following ex- 
ogenous administration of NT-3, even in the absence 
of the target organ (Oakley et al. 1997). The data from 
NT-3 knock-out mouse studies have also shown that 
NT-3 is trophic for proprioceptive and mechano- 
receptive sensory neurons (Ernfors et al. 1994; 
Airaksinen et al. 1996). Consistently, NT-3 containing 
neurons are mainly localised in trigeminal, cervical 
and lumbar spinal ganglia (Zhou & Rush, 1995) and 
in vitro NT-3 promotes neurite outgrowth from 
DRGs which innervate limb muscles (Hory-Lee et al. 
1993). The trophic action of NT-3 on motoneurons is 
confirmed by the enhanced neurite outgrowth from 
spinal cord explants as well as by the increased number 
of motor end-plates formed in cocultures of neurons 
and muscle (Braun et al. 1996). Furthermore, the 
exogenous administration of NT-3 restores muscle 
mass and it is selectively beneficial for the re- 
servation of type 2b fast muscle fibres (Sterne et 
al. \991b), suggesting that different growth factors 
might sustain preferentially different type of moto- 
neurons, as classified by the phenotype they confer to 
muscle fibres. 

Evidence that GDNF mRNA expression is regu- 
lated in skeletal muscle (Henderson et al. 1994) and 



that it is transported retrogradely to motoneurons 
(Yan et al. 1995) are strong indications of its 
physiological role for motoneurons. GDNF is a 
potent survival factor for motoneurons in vitro and in 
vivo (Henderson et al. 1994; Yan et al. 1995). 
Following ventral root avulsion in adults, GDNF 
administration prevents motoneuron cell death (Li et 
al. 1995) and shows a long-term effect in reducing 
axotomy-induced soma atrophy (Matheson et al. 
1997). In addition, in adult motoneurons GDNF 
prevents the axotomy-induced ChAT immuno- 
reactivity decrease (Henderson et al. 1994; Yan et al. 
1995). Overexpression of muscle GDNF by transgenic 
mice increases the number of motor axons innervating 
the neuromuscular junction in a dose-related manner 
(Nguyen et al. 1998), although overexpression of 
GDNF by glial cells or of NT-3 and NT-4 by muscle 
does not have the same effect. The differential effect of 
glial and muscle-derived GDNF and the identification 
of 2 alternatively spliced forms of GDNF from muscle 
and Schwann cells (Springer et al. 1995) raises the 
intriguing possibility that both the type of growth 
factor and the site of synthesis might lead to specific 
and well defined effects on the recipient neurons. This f 
might be due. to the differential availability of the \ 
trophic factor and its receptors. For example, in 
normal adult mice GDNF and GFRa-1 mRNAs are \ 
expressed at detectable levels in peripheral nerve, K 
while expression of Ret mRNA is found in spinal 
motoneurons but not peripherally. After sciatic nerve I 
crush, there is a rapid upregulation of GDNF and 
GFRa-1 synthesis in distal nerve, with a delayed i 
GDNF mRNA increase in the muscle. This coincides I 
with a rapid increase of Ret mRNA expression in ? 
motoneurons and DRG (Naveilhan et al. 1997). [ 
Hence, following nerve injury, the mode and site of i 
administration of a trophic factor would be crucial to f 
a resulting beneficial effect. I 



TROPHIC FACTORS AND REGENERATION 

Following peripheral nerve injury and axotomy, there 
is a disruption in the supply of retrogradely trans : 
ported neurotrophic factors, leading to neuronal cell 
death and lack of regeneration. This process can be 
reversed if the neurons regenerate back to peripheral 
targets, indicating the dependence on target-derived 
neurotrophic factors (Mendell, 1996). Hence it seems 
feasible that the addition of exogenous trophic factors 
to the microenvironment of the injured nerve might 
produce results similar to those of target organ 
reinnervation. 
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Immediately after a nerve lesion, there is a decrease 
of trkA and p75 expression in DRG (Krekoski et al. 
1996). The ability of NGF to regulate differentially 
the neuropeptide expression in sensory neurons is 
paralleled by its capacity in counteracting the effect of 
nerve injury on the trkA-expressing DRG cells (Verge 
etal. 1996). Consistently, administration of exogenous 
NGF has resulted in sustained axonal regeneration 
(Lindsay 1988; Rich et al. 1989a; Hollowell et al. 
1990; Chongliang et al. 1992; Derby et al. 1993; 
Whitworth et al. 1995, 1996), which has been related 
to a reduction in the incidence of neuronal cell death 
(Rich et al. 19893). Exogenous NGF enhances 
regeneration of trkA expressing neurons, but also 
promotes the regeneration of large myelinated fibres 
and motor axons, which normally do not express trkA 
(Chongliang et al. 1992), leading to the suggestion 
ihat NGF might be a general promoter of nerve 
regeneration. Also, it has been shown that continuous 
intrathecal infusion of NGF may actually delay the 
onset of regeneration, without compromising the rate 
of regeneration (Gold, 1997), possibly indicating that 
the initial loss of NGF following injury might act as 
signal for the onset of nerve regeneration. While 
exogenous NGF may facilitate regeneration, the 
availability of endogenous NGF appears to be 
essential for collateral sprouting of cutaneous sensory 
nerves (Diamond et al. 1992a). However, neutral- 
isation of endogenous NGF with specific antibodies 
does not prevent axonal regeneration (Rich et al. 
1984; Diamond et al. 19923), showing a considerable 
difference in the biological response of the peripheral 
nervous system to contrasting growth stimuli. 

Intrathecal administration of NT-3 contributes to 
the recovery of its specific receptor trkC and of p75 
expression in DRG (Verge et al. 1996). Furthermore, 
delivery to the axotomised nerve decreases the 
upregulation of NPY-immunoreactive cells in DRG 
which is seen after axotomy (O'Hara et al. 1995 
Verge et al. 1996; Sterne et al. 1998). NT-3 stimulates 
neunte outgrowth from the stumps of cultured adult 
D RG (Edstrdm et al. 1996) and in vivo targeted 
administration of NT-3 to the cut sciatic nerve using 
^bronectin mats improves the rate and amount of 
axonal regeneration (Sterne et al. 1997a). Following 
axotomy, continuous infusion of NT-3 has proved to 
e effective in restoring sensory and motor conduction 
^ocity m dose-dependent manner (Munson & 
^cMahon, 1997), consistently with the neuro- 
protective role of NT-3 in sensory neuropathy (Gao et 
• Helgren et al. 1997). It is noteworthy that the 
^oncentration of NT-3 which shows a beneficial effect 
n nerve regeneration is much higher than that 



required for NGF-enhanced regeneration (Munson et 
al. 1997; Sterne et al. 1997a). Axonal regeneration 
appears to respond quickly to NGF administration 
(Whitworth et al. 1996), while there is some delay 
between administration and evidence of an NT-3 
effect on nerve regeneration (Sterne et al. 1997a) This 
may be due to slower retrograde axonal transport in 
large-size sensory neurons compared with small ones 
(Grant et al. 1979) and to the differential rate of 
retrograde neurotrophin transport (DiStefano et al. 
1992). Also NT-3 appears to promote the regeneration 
of various subpopulations of DRG neurons (Sterne et 
al. 1997a), possibly due to NT-3 cross-reactivity with 
trkA and trkB receptors (Squinto et al. 1991 ; Davies 
et al. 1995; Ryden & Ibanez, 1996). 

BDNF administration by osmotic pump after 
sciatic nerve transection produces an improvement in 
diameter and myelin thickness in regenerating axons 
in the long term, an effect which is enhanced by 
combined administration with CNTF (Lewin et al. 
1997). Exogenous BDNF administration has also 
been shown to improve functional recovery following 
sciatic nerve transection (Lewin et al. 1997), par- 
ticularly when it is administered directly to the cut 
nerve (Utley et al. 1996). Similarly, CNTF uptake and 
retrograde transport to DRG is more rapid following 
direct injection at the nerve injury site (Curtis et al 
1993). CNTF in peripheral nerve is localised to 
Schwann cells, and its synthesis is decreased during 
wallerian degeneration (Friedman et al. 1992). This 
decrease extends to Schwann cells of intramuscular 
nerves and neuromuscular junctions (Hiruma et al. 
1997), it is very rapid and it is maintained for over 6 
mo in cases of chronic denervation (Anand et al. 
1997). Nerve regeneration is accompanied by an 
increase of CNTF, which is indicative that axonal 
contact with glial cells is crucial to the maintenance of 
CNTF levels (Friedman et al. 1992; Anand et al. 
1 997). This is consistent with the experimental findings 
in mice which exhibit delayed wallerian degeneration, 
where the expected decrease of CNTF is also delayed 
for many days (Subang et al. 1997). 

Evidence that GDNF might directly affect the 
peripheral nerve regeneration process are still forth- 
coming. GDNF has a beneficial effect on axonal 
regeneration as assessed by the nerve pinch test 
(Naveilhan et al. 1997) and intrathecal administration 
of GDNF reverses the decrease in IB4 labelling found 
in dorsal root ganglia after axotomy (Molliver et al. 
1997; Bennett et al. 1998). GDNF also improves the 
conduction velocity of motoneurons following re- 
generation (Munson & McMahon, 1997), and that of 
small diameter sensory neurons (Bennett et al. 1998). 
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Despite the beneficial effect of GGF on Schwann 
cell motility and proliferation, as yet there are no data 
. showing whether these effects may indirectly benefit 
axonal regeneration. However, the expression of c- 
erbB receptors on Schwann cells in denervated distal 
stump is rapidly upregulated and is correlated with 
the increased expression of GGF in response to 
axotomy (Carroll et al. 1997; Li et al. 1997). In the 
long-term, there is a time-related downregulation of 
both c-erbB and p75 receptors on Schwann cells if 
axonal regeneration is prevented, although GGF 
synthesis is maintained (Li et al. 1997; You et al. 
1997). These results underline the axonal-glial in- 
terdependence after nerve injury, as the persistence of 
responsive Schwann cells in the distal stump is 
dependent on axonally derived trophic signalling, and 
in turn the responsive Schwann cells provide trophic 
support for the regrowing axons. 

Although several experiments have demonstrated 
the usefulness of specific trophic factors in nerve 
regeneration, it is becoming more apparent that the 
survival of primary sensory neurons and motoneurons 
depends on multiple neurotrophic factors acting 
synergistically or in a well defined sequence. For 
example, NT-3 and BDNF have opposing regulatory 
roles on cortical dendritic cells (McAllister et al. 1997) 
and although such an effect has not been demon- 
strated for neurons projecting peripherally, it is 
conceivable that similarity might also be found in the 
peripheral nervous system. In culture of spiral 
ganglion cells, the effect of NT-3 is enhanced by LIF 
administration (Mazzarella et al. 1997). In vitro 
evidence have also shown that GDNF from Schwann 
cells and muscle-derived cardiotrophin (CT-1) have a 
synergistic effect on motoneuron survival. In vivo 
motoneurons coexpress the receptor for both trophic 
factors, indicating that an integration of the signal 
from these 2 factors is essential for motoneuron 
survival (Arce et al. 1998). 



DELIVERY OF NEUROTROPHIC FACTORS 

Neurotrophic factors have been advocated as ideally 
suited for the treatment of neurodegenerative diseases 
of the CNS, neuropathies and peripheral nerve injury 
(Anand, 1996; Lindsay, 19966). Many experiments 
outlined above have made use of miniosmotic pumps 
for intrathecal delivery of growth factors, in order to 
maintain a suitable supply for a sufficient length of 
time. However, this delivery system may not be 
generally suited for clinical application, and other 
ways of delivery have been investigated, including 



systemic delivery by subcutaneous or intraperitoneal 
injection, and targeted administration to the cut nerve 
using bioresorbable materials (i.e. fibronectin mats or 
collagen). 

Direct administration of growth factors might be 
problematic when applied to patients, particularly 
when a continuous infusion of the molecule is 
required. It is likely that in future treatment strategies 
will be based on the transfer of genes, molecules or 
cells into the nervous system. New molecular biology 
techniques allow the insertion of specific genes into 
nondividing neuronal cells, which would then produce 
their own * trophic support' molecule (Hoffer & Olson, 
1997). Alternatively, regeneration of neurons may be 
prompted and sustained by grafts of cells which have 
been genetically manipulated to produce growth 
factor(s). Recently, genetically modified fibroblasts 
encapsulated in porous membrane have been shown 
to be an efficient way of delivering CNTF in a primate 
model of Huntington's disease (Emerich et al. 1997). 
A similar approach has also been used to deliver NGF 
and BDNF (Emerich et al. 1994; Tuszynski et al. 
1994, 1996; Kim et al. 1996) and it is conceivable that 
it would also be applicable to peripheral nerve injury. 
Growth factor cDNA can also be spliced into defective ' 
viruses which act as vectors. Herpes simplex virus 
expressing NGF can be injected directly into the nerve ' 
and transported retrogradely to mimic the physio- 
logical role of the neurotrophin. This method has 
been shown to prevent the decrease of TH activity: 
seen in sympathetic ganglia after axotomy (Federoff 
et al. 1992). Similarly, administration of CNTF and 
BDNF transduced in adenoviruses promotes the 
survival of neonatally axotomised motoneurons 
(Gravel et al. 1997). Although these experimental 
strategies are still in the early stages of development, 
they show the potential of genetic manipulation for 
therapeutic application in the peripheral and central 
nervous system. Furthermore, these experiments dem- 
onstrate the possibility of modifying neuronal physi- 
ology in vivo by augmenting the expression and 
delivery of a critical gene product to neural cells when 
extra requirements for growth factors are needed. 
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ABSTRACT 



This review is concerned with the development of the rat corticospinal tract (CST). The CST is a long 
descending central pathway, restricted to mammals, which is involved both in motor and sensory control 
The rat CST is a very useful model in experimental research on the development of fibre systems in 
mammals because of its postnatal outgrowth throughout the spinal cord as well as its experimental 
accessibility. Hence mechanisms underlying axon outgrowth and subsequent target cell finding can be 
studied relatively easily. In this respect the corticospinal tract forms an important example and model system 
for the better understanding of central nervous system development in general. 

Key words: Corticospinal tract; axon guidance; spinal cord; adhesion molecules; astroglia; dendrites; neurotropic. 



INTRODUCTION 

The rat pyramidal tract (PT) can be defined as a set of 
fibres passing through the medullary pyramids; its 
major component is the corticospinal tract (CST). The 
CST of the rat is a pathway which originates in layer 
V of the sensorimotor cortex. Its fibres descend 
through the internal capsule into the cerebral 
peduncles and extend caudally at the pial surface of 
the medulla oblongata (the medullary pyramids), and 
after decussation at the transition of the medulla to 
the spinal cord occupies the ventralmost part of the 
dorsal funiculus (Fig. 1) (DeMyer, 1967; Donatelle, 
1977; Schreyer & Jones, 1982; Gribnau et al. 1986). 

Although most corticospinal fibres are located 
within the ventralmost parts of the dorsal funiculus, 
minor CST components have been described: (1) a 
crossed component located in the dorsomedial parts 
°f the lateral funiculus (Schreyer & Jones, 1982); (2) 
a n ipsilateral uncrossed component located in the 
ventral funiculus (Vahlsing & Ferringa, 1980; 
tfrosamle & Schwab, 1997). 
In contrast to the lateral CST the major contra- 
eral crossed component in the dorsal funiculus as 
as the ipsilateral uncrossed component located in 



the ventral funiculus has been studied in great detail 
(Schreyer & Jones, 1982; Gribnau et al. 1986; Joosten 
et al. 1992). Using anterograde tract-tracing with 
horseradish peroxidase (HRP), labelled CST fibres 
initially extend as far as the ventral funiculus of 
lumbar spinal cord segments (Joosten et al. 1992). 
With the use of the HRP tracing technique it was 
shown that, after the first postnatal week, these 
lumbar projections disappear and the ipsilateral 
ventral CST projections were limited to lower cervical 
spinal cord segments (Joosten et al. 1992). 

However, recent detailed studies with the very 
sensitive tracer biotin-dextran amine (BDA) un- 
equivocally demonstrated the presence of labelled 
ipsilateral CST fibres into the ventral funiculus up to 
lumbar spinal cord levels also in adult rats (Herzog & 
Brosamle, 1997). The latter indicates how important 
the development of increasingly sensitive anterograde 
(or retrograde tracers) can be for a correct under- 
standing of the development of central nervous system 
(CNS) projections. 

Because the vast majority of the descending CST 
fibres (90-95 %) is located within the dorsal funiculus 
this review on outgrowth and guidance of CST axons 
is focused on the major dorsal component. In order to 
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The Second Galanin Receptor GalR2 Plays a Key Role in 
Neurite Outgrowth from Adult Sensory Neurons 
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Expression of the neuropeptide galanin is markedly upregulated within the adult dorsal root ganglion (DRG) after peripheral nerve 
injury. We demonstrated previously that the rate of peripheral nerve regeneration is reduced in galanin knock-out mice, with similar 
deficits observed in neurite outgrowth from cultured mutant DRG neurons. Here, we show that the addition of galanin peptide signifi- 
cantly enhanced neurite outgrowth from wild-type sensory neurons and fully rescued the observed deficits in mutant cultures. Further- 
more, neurite outgrowth in wild- type cultures was reduced to levels observed in the mutants by the addition of the galanin antagonist M35 
[ga!anin(l-13)bradykinin(2-9)]. Study of the first galanin receptor (GalRl) knock-out animals demonstrated no differences in neurite 
outgrowth compared with wild-type animals. Similarly, use of a GalRl -specific antagonist had no effect on neuritogenesis. In contrast, 
use of a GalR2-specific agonist had equipotent effects on neuritogenesis to galanin peptide, and inhibition of PKC reduced neurite 
outgrowth from wild-type sensory neurons to that observed in galanin knock-out cultures. These results demonstrate that adult sensory 
neurons are dependent, in part, on galanin for neurite extension and that this crucial physiological process is mediated by activation of 
the GalR2 receptor in a PKC-dependent manner. 

Key words: galanin; GalR2; dorsal root ganglion; neuritogenesis; nerve injury; protein kinase C 



Introduction 

To date, the mechanisms and factors that regulate the regenera- 
tion of sensory neurons in the adult after peripheral nerve injury 
remain poorly understood. Damage to a peripheral nerve causes 
major changes within the cell bodies of the sensory neurons [dor- 
sal root ganglion (DRG)], which are thought to promote regen- 
eration by stimulating neurite outgrowth and enhancing survival 
of the damaged neuron. Furthermore, injury alters the retrograde 
flow of target-derived factors to the DRG. Examples of such phe- 
nomena include (1) the 120-fold upregulation in the levels of the 
neuropeptide galanin in the DRG after injury (Hokfelt et al., 
1987) and (2) the marked increase in expression of the cytokines 
leukemia inhibitory factor (LIF) (Banner and Patterson, 1994; 
Dowsing et al, 1999) and interleukin 6 (IL-6) (Murphy et al., 
1995) within Schwann cells at the site of injury and their retro- 
grade transport to the DRG (Curtis et al., 1994). IL-6 and LIF 
have both been shown to promote axonal regeneration in the 
adult (Cheema et al., 1994; Hirota et al., 1996; Tham et al., 1997; 
Cafferty et al., 2001), and IL-6 knock-out mice have deficits in 
peripheral nerve regeneration after a crush injury to the sciatic 
nerve (Zhong et al., 1999). Recent data would indicate that LIF 
and IL-6 (acting through the gp 1 30 coreceptor) may play a role in 
both injury-induced regeneration and minimizing pathological 
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nociceptive responses by positively regulating the expression of 
galanin in the DRG (Corness et al., 1996; Thompson et al., 1998). 

In the adult, galanin is expressed at low levels in <5% of DRG 
cells, which are predominantly the small peptidergic C- fiber neu- 
rons (Hokfelt et al., 1987). After nerve injury, there is a rapid and 
robust upregulation of both galanin mRNA and peptide, and 
expression of the peptide is now observed in 40-50% of all DRG 
neurons (Villar et al., 1989; Hokfelt et al., 1994). Studies indicate 
that galanin reduces transmission of sensory information in the 
spinal cord after nerve, injury (Wiesenfeld-Hallin et al., 1989, 
1992; Verge et al., 1993). In addition, rising levels of galanin in 
sensory neurons may also contribute to the initiation and main- 
tenance of axonal regeneration in the injured neurons, leading to 
functional recovery and restoration of function while minimizing 
pathological nociceptive responses. 

We showed previously that cultured DRG cells from animals 
homozygous for a targeted mutation in the galanin gene have a 
35% reduction in the length of neurites and number of cells that 
extend neurites (Holmes et al., 2000). In this study, we used a 
combination of pharmacological and genetic tools to further elu- 
cidate the mechanisms by which galanin regulates neuritogenesis. 
Here, we show that galanin plays a neuritogenic role in adult 
sensory neurons and rescues the deficits in neurite outgrowth 
seen in mutant cultures. Furthermore, we demonstrate that its 
actions are mediated by the second galanin receptor (GalR2) in a 
PKC-dependent manner. 

Materials and Methods 

Animab 

Galanin knock-out mice. Experiments were performed on 8 -week-old 
female mice homozygous for a targeted mutation in the galanin gene. 
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Age- matched wild- type littermates were used as controls in all experi- 
ments. Details of the strain and breeding history have been published 
previously (Wynicketal., 1998; Kerr etal.» 2000). In brief, galanin knock- 
out mice were generated using the E14 cell line. A PGK-Neo cassette in 
reverse orientation was used to replace exons 1-5, and the mutation was 
bred to homozygosity and has remained inbred on the 129olaHsd strain. 
All animals were fed standard chow and water ad libitum. Animal care 
and procedures were performed within United Kingdom Home Office 
protocols and guidelines. 

GalRl knock-out mice. Experiments were performed on 8- week- old 
female mice that carry an insertional inactivating mutation within the 
first exon of the gene encoding the murine GaLRl. Age-matched wild- 
type littermates were used as controls. In brief, GalRl knock-out mice 
were generated using the W9.5 cell line and have remained inbred on the 
129T2/SvEmsJ strain (Jacoby et al., 2002). All animals were fed standard 
chow and water ad libitum. Animal care and procedures were performed 
according to the Code of Practice of the Australian National Health and 
Medical Research CounciL 

DRG culture 

Cultures were performed as described previously (Holmes et al., 2000). 
In brief, animals were killed by cervical dislocation, and DRGs from the 
lumbar, thoracic, and cervical regions were removed aseptically, 
trimmed of connective tissue and nerve roots, and pooled in DMEM-F 1 2 
medium. Ganglia were subjected to 0.25% collagenase P for 1 hr at 37°C, 
washed in PBS, and treated enzymatically with trypsin-EDTA for 10 min 
at 37°C. Ganglia were washed in medium containing trypsin inhibitor 
and then mechanically dissociated by trituration using a flame-narrowed 
Pasteur pipette. After centrifugation, cells were resuspended in DMEM- 
F12 medium supplemented with 5% horse serum, 1 mM glutamine, and 
10 ng/ml gentamycin. To enhance.the cultures for neurons and eliminate 
much of the cellular debris, cells were plated on six-well plates coated 
with 0.5 mg/ml polyornithine and maintained overnight at 37°C in a 
humidified incubator with 95% air-5% C0 2 (Patrone et al., 1999). Me- 
dium was removed and discarded. The neurons were removed from the 
surface by squirting with a jet of fresh medium. After centrifugation, cells 
were plated on 24-well plates treated with 0.5 mg/ml polyornithine and 5 
jtg/ml laminin and maintained for 8 hr at 37°C in a humidified incubator 
with 95% air-5% C0 2 . 

Treatments 

Cells were cultured in DMEM-F12-supplemented medium as described 
above with or without the addition of the following chemicals: 1 nM 
M35 [galanin(l-13)bradykinin(2-9)J (Bachem UK, Essex, UK), 100 nM 
galanin peptide (Bachem UK), 10 /im bisindolylmaleimide I (BIM) (Calbio- 
chem, La Jolla, CA), 10 nM RWJ-57408 [2,3-dihydro-2-(4-methyl-phenyl)- 
I,4-dithiepine-l,l,4,4-tetroxide] (Johnson & Johnson, Spring House, PA), 
and 100 nM AR-M961 ([Sar(l), D-Ala l2 ]Gal(l-16)-NH 2 ) or AR-M1896 
[Gal(2-1 1 )Trp-Thr-Leu-Asn-Ser-Ala-Gly-Tyr-Leu-Leu-NH 2 J (AstraZen- 
eca, Montreal, Quebec, Canada). 

Data analysis 

Cultures were washed with PBS and fixed with 4% paraformaldehyde for 
20 min at room temperature. Cells were visualized by phase-contrast 
microscopy. The percentage of cells bearing neurites and neurite length 
were both measured using NIH Image (Scion, Frederick, MD). Data are 
presented as mean ± SEM. 

Results 

Galanin signaling mediates neurite outgrowth 

The addition of 100 nM galanin to wild-type adult DRG cells 
significantly increased the length of neurites (Fig. IB)> whereas 
the percentage of cells producing neurites was unchanged (Fig. 
I A), suggesting that the number of cells capable of extending 
neurites was already at maximum under these culture conditions. 
Addition of 100 nM galanin peptide to mutant cultures fully res- 
cued the deficits in the percentage of cells producing neurites and 
restored neurite length to wild-type levels. 

We substantiated this putative neuritogenic role in the adult 
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Figure 1. The percentage of cells bearing neurites {A) and length of neurite outgrowth (fi) 
from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the 
presence and absence of 100 nM galanin peptide 8 hr after plating. Addition of 100 nM galanin to 
wild-type cultures significantly increased neurite length, whereas there was no significant dif- 
ference in the percentage of cells producing neurites. However, addition of 100 nM galanin to 
galanin knock-out cultures significantly increased both the percentage of cells producing neu- 
rites and the length of neurites. Data are presented as percentage of cells bearing neurites or 
mean ± SEM length (f test; **p < 0.01; < 0.001; n = 5). 



further by using the potent galanin antagonist M35 (Bartfai et al., 
1992), which acts at all known galanin receptor subtypes 
(Wiesenfeld-Hallin et al., 1993). The addition of 1 nM M35 to 
wild-type cultures produced a significant 35% reduction in both 
the percentage of cells bearing neurites (Fig. 2 A) and neurite 
length (Fig. IB) to levels observed in mutant cultures. No effect 
was seen on either parameter in mutant cultures. This dose of 
M35 has been shown previously to have purely antagonistic ef- 
fects (Wiesenfeld-Hallin et al., 1992; Ogren et al., 1993). 

The neuritogenic role of galanin is not mediated by GalRl 

To determine whether the GalRl receptor subtype is important 
in mediating the neuritogenic effects of galanin, we first used the 
small-molecule, nonpeptide GalRl -specific antagonist RWJ- 
57408 (Scott et al., 2000). The addition of 10 nM RWJ-57408 had 
no effect on the percentage of cells bearing neurites in either 
wild-type or mutant cultures (Fig. 3A). Similar results were seen 
with the addition of 1 nM RWJ-57408 (data not shown). 

To study the role of GalRl in mediating neuritogenesis fur- 
ther, we studied neurite outgrowth in GalRl knock-out mouse 
dissociated DRG cultures (Jacoby et al., 2002). No differences 
were observed in the percentage of GalRl mutant cells bearing 
neurites compared with those from wild-type controls (Fig. 3B). 
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Figure 2. The percentage of cells bearing neurites (A) and length of neurite outgrowth (5) 
from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the 
presence and absence of 1 nM M35 8 hr after plating. In both cases, significant deficits were 
noted in the wild-type cultures, whereas no effect was seen in the knock-out cultures. Data are 
presented as percentage of cells bearing neurites or mean ± SEM length (f test; **p < 0.01; 
***p<0.001;/?=5). 

Furthermore, there was no significant difference in neurite length 
between cells from wild- type controls (140.8 ± 9 jxm) and GalRl 
mutant cells (161.6 ± 8 fim). 

The neuritogenic role of galanin is mediated by GalR2 in a 
PKC-dependent manner 

We next studied whether GalR2 might be responsible for trans- 
ducing the neuritogenic actions of galanin by using the newly 
described peptide analog AR-M1896, a selective GalR2 agonist 
(Liu et al., 2001 ). In addition, we studied the actions of AR-M961, 
which has been shown to have agonistic actions at both GalRl 
and GalR2 subtypes (Liu et al., 2001). The addition of 100 nM 
AR-M1896 or AR-M961 fully rescued the deficits in percentage 
outgrowth seen in the mutant cultures to wild-type levels (Fig. 
'4 A) and appeared to be equip otent to galanin (Fig. 1A). Simi- 
larly, the addition of either AR-M961 or AR-M1896 to wild-type 
cultures increased both the percentage of cells bearing neurites 
and neurite length to the same extent as that observed with gala- 
nin peptide (Fig. 4A,B). 

To investigate whether the neuritogenic role of galanin was 
PKC dependent, we used the PKC-specific inhibitor bisindolyl- 
maleimide 1 (GF109203X) (Rivera-Bermudez et al., 2002). Addi- 
tion of 10 jiM. BIM to wild-type cultures significantly reduced the 
percentage of cells bearing neurites to the levels observed in ga- 
lanin knock-out cultures; similar results were seen using 1 jam 
BIM (data not shown). Furthermore, 10 (jlm BIM completely 



Figure 3. A, The percentage of cells bearing neurites from dissociated DRG cultures isolated 
from wild-type and galanin knock-out animals in the presence and absence of 10 nM RWJ-57408 
8 hr after plating. B, The percentage of cells bearing neurites from dissociated DRG cultures 
isolated from wild-type and GalRl knock-out animals 8 hr after plating. Data are presented as 
percentage of cells bearing neurites ± SEM {n - 5). 

abolished the stimulatory neuritogenic actions of 100 nM AR- 
M 1896 on both wild- type and mutant cultures (Fig. 4C). 

Discussion 

Damage to a peripheral nerve induces major and long-lasting 
changes in the expression of many secreted ligands and their 
receptors within the sensory neurons of the DRG. One of the 
most striking changes that occurs is the 120- fold increase in the 
expression of the neuropeptide galanin. We showed recentiy that 
galanin plays an important role in the survival of a subset of DRG 
neurons (Holmes et al., 2000), with a 2.8- and 2.6-fold increase in 
the number of apoptotic cells in the DRG of galanin knock-out 
mice at postnatal day 3 (P3) and P4, respectively, compared with 
wild- type controls. This wave of apoptosis at P3 is associated with 
a 13% decrease in total cell number within the DRG (Holmes et 
al., 2000). The role of galanin in cell survival is further substanti- 
ated by the finding that galanin is essential for the developmental 
survival of one-third of the cholinergic neurons of the basal fore- 
brain (O'Meara et al., 2000). 

The role played by galanin in the survival of this subset of DRG 
neurons seems to be preferentially biased toward the small pep- 
tidergic neurons, which are most likely to be nociceptors 
(Holmes et al., 2000). The loss of these small unmyelinated neu- 
rons may provide an explanation for the finding that galanin 
knock-out animals demonstrate a decrease in chronic neuro- 
pathic pain behavior after nerve injury (Kerr et al., 2000). Many . 
of the animal models of peripheral nerve injury that induce neu- 
ropathic pain behavior are also associated with an upregulation 
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Figure 4. A, The percentage of cells bearing neurites from dissociated DRG cultures isolated 
from wild-type and galanin knock-out animals in the presence and absence of 100 nM AR-M961 
or AR-M1896 8 hr after plating. The addition of either AR-M961 or AR-M1896 rescued the 
deficits in percentages of cells producing neurites seen in galanin knock-out cultures to near 
wild-type levels. Addition of AR-M1896 to wild-type cultures significantly increased the per- 
centage of cells bearing neurites compared with controls. Although addition of AR-M961 in- 
creased the percentage, this was not significant. B, The length of neurite outgrowth from 
dissociated ORG cultures isolated from wild-type animals in the presence and absence of 100 nM 
AR-M961 or AR-M1 896 8 hrafter plating. Addition of either AR-M961 or AR-M1896 significantly 
increased neurite length. 0 The percentage of cells bearing neurites from dissociated ORG 
cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 
10 {iM 8IM or 10 piM BIM plus AR-M1896. Significant deficits are seen in the number of cells 
producing neurites in wild-type cultures in the presence of 10 jam BIM, which was not rescued 
by the addition of 100 nM AR-M1 896. Addition of 10 jjm BIM had no effect on mutant cultures. 
Data are presented as percentage of cells bearing neurites or mean ± SEM length (f test; *p < 
0.O5;** # p<0.001;/i = 5). 

in galanin within the DRG neurons (Hokfelt et al, 1987; Villar et 
al., 1989; Nahin et al., 1994; Ma and Bisby, 1997). Furthermore, 
there appears to be a direct correlation between the extent and 
duration of pain behavior and the level of galanin upregulation 
(Ma and Bisby, 1997; Murphy et al., 1999). 

The data presented here using galanin peptide or the potent 
galanin antagonist M35, which acts at all known galanin receptor 
subtypes (Wiesenfeld-Hallin et al., 1993), demonstrates that ga- 
lanin is acting as a neuritogenic factor in the adult. Approxi- 
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mately one-third of neurite outgrowth in DRG cultures is depen- 
dent on the tonic release of galanin, implying that the 
developmental trophic-survival role is recapitulated in the adult 
after injury. At present, it is not possible to state whether there is 
a definite relationship between the early postnatal loss of a subset 
of small peptidergic neurons in the galanin knock-out animals 
and the reduced rate of neurite outgrowth in dispersed DRG 
cultures isolated from adult galanin knock-out animals. How- 
ever, the finding that the deficits in neurite outgrowth that we 
identified in the adult galanin knock-outs are fully rescued by the 
addition of exogenous galanin would imply that the effects in the 
adult are independent of the developmental loss. 

To date, three G-protein-coupled galanin receptor subtypes 
have been identified. GalRl is expressed in the large-diameter 
neurons of the DRG, and GalR2 is expressed predominantly by 
the small- and medium-sized neurons. Only 5% of DRG neurons 
appear to express both receptor subtypes (Sten Shi et al., 1997). 
There have been contradictory reports as to whether GalR3 is 
expressed at all within the DRG. Studies using solution hybrid- 
ization-RNase protection assays suggested that GalR3 is ex- 
pressed at very low levels (Waters and Krause, 2000). However, 
other studies, again using solution hybridization-RNase protec- 
tion assay (Smith et al., 1998), show no GalR3 present within the 
DRG; furthermore, no GalR3 has been detected in the DRG using 
riboprobe in situ hybridization (Mennicken et al., 2001). It is 
therefore unlikely that GalR3 plays a major role in neuritogenesis 
in the DRG. 

Here, we demonstrate that addition of the small-molecule, 
nonpeptide GalRl -specific antagonist RWJ-57408 had no effect 
on neurite outgrowth in either wild- type or mutant cultures, sug- 
gesting that the role of galanin in neuritogenesis is not mediated 
via the GalRl receptor subtype. This finding was substantiated by 
the finding that there was no difference in neurite outgrowth 
from GalRl knock-out mice compared with wild- type controls. 
Furthermore, recent data using two separate in vivo models show 
that peripheral nerve regeneration is unaffected in GalRl knock- 
out animals (Jacoby et al., 2002). These data therefore suggest 
that GalRl does not mediate the neuritogenic or proregenerative 
effects of galanin in the DRG, implying that GalR2 is the predom- 
inant effector. 

In this study, we used the galanin receptor agonists AR-M 1896 
and AR-M961 (Liu et al., 2001; Ma et al, 2001). AR-M1896 is a 
GalR2-specific agonist with an IC 50 of 1.76 nM at rat GalR2 and 
879 nM at human GalRl, whereas AR-M961 has been shown to 
have agonistic activity at both GalR2 and GalRl, with an IC 50 of 
1.74 nM and 0.403 nM, respectively (Liu et al., 2001). The data 
presented here demonstrate that both AR-M961 and AR-M 1896 
have positive effects on neuritogenesis and fully rescued deficits 
seen in the mutant cultures. Because our experiments using RWJ- 
57408 and GalRl knock-out animals indicate that neurite out- 
growth is not mediated via the GalRl receptor, the agonistic ac- 
tion of AR-M961 on neurite outgrowth must be caused by 
activation of the GalR2 subtype, which is confirmed by the ac- 
tions of the GalR2-specific agonist AR-M1896 (Liu et al., 2001). 

The binding of galanin to GalRl and GalR3 inhibits adenylyl 
cyclase (Habert-Ortoli et al., 1994; Smith et al., 1998; Wang et al., 
1998), whereas binding to GalR2 stimulates principally phospho- 
lipase C activity (Fathi et al., 1997; Howard et al., 1997; Wang et 
al., 1997). Studies have shown that the G-protein-coupling pro- 
files of GalRl and GalR2 are distinct. GalRl couples only to G xi 
whereas GalR2 couples to Gi, G c , and G q (Wang et al., 1998). The 
G r mediated pathway is independent of PKC activity. In contrast, 
both the G 0 - and G q -mediated mitogen-activated protein kinase 
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signaling pathways are dependent on PKC activity (Hawes et al., 
1996). Here, we demonstrate by use of the PKC-specific inhibitor 
BIM that the neuritogenic action of galanin is PKC dependent, 
which is consistent with activation of either the G Q - or G q - 
mediated signaling pathways. 

In summary, these results show that galanin is an important 
factor in neurite extension of adult sensory neurons and that this 
process is mediated by activation of GalR2 in a PKC-dependent 
manner. The role of GalR2 as a mediator of the proliferative effect 
of galanin is substantiated by previous findings in small-cell lung 
cancer cells (Wittau et al., 2000) and the pituitary (Wynick et al., 
1993, 1998). Furthermore, previous studies have shown that the 
antiallodynic effect of galanin on neuropathic pain is mediated 
via GalRl (Liu et al., 2001), whereas here we show that the neu- 
ritogenic role of galanin is mediated via GalR2. These results 
suggest that different receptor subtypes may be responsible for 
mediating the differing physiological roles of galanin in the adap- 
tive response of the PNS to injury. Although few data are available 
on human galanin expression, it appears to have an expression 
pattern in the DRG similar to that of the rodent (Marti et al., 
1987; Suburo et al., 1992). These findings have important impli- 
cations for the potential therapeutic treatment of some periph- 
eral sensory neuropathies by the use of selective GalR2 agonists. 
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Abstract— The occurrence of galanin (GAL) in the spinal cord and reports suggesting that it 
acts as an endogenous inhibitory spinal modulator in sensory/noxious transmission, have 
focused interest on its metabolism in the spinal cord. The metabolic half-lives and degradation 
patterns of GAL(1-29) and the high affinity N-terminal fragment GAU1-16), were determined 
in isolated cerebrospinal fluid (CSF) from rats, and analysed by reverse phase HPLC. The half- 
lives for GALO-29) and GALO-16) in isolated rat CSF at 37°C were 120 min and 60 min, 
respectively. The first degradation products which we could isolate and identify of GAL(1-16) 
were: GAU3-16) and GAU3-12) and for GALd-29): GAL(1-5) and GALO-4), all without affinity 
to spinal galanin receptors. Degradation studies of GAU1-29) and GALd-16) in a spinal cord 
membrane preparation, in absence or presence of different protease inhibitors: E-64, pepstatin 
A, 3,4-DCI, bestatin, phosphoramidon, kelatorphan and thiorphan, or metal chelators: EDTA, 
EGTA and o-phenanthrolin, suggest that a phosphoramidon sensitive zinc-metalloprotease is 
mainly responsible for the degradation of GALO-29) and GAL(1-16), since both o-phenanthrolin 
(0.3 mM) and phosphoramidon (920 /iM) substantially prolong their half-lives. 



Introduction 

Galanin (GAL) 1 a 29/30 amino acid long C-ter- 
minally amidated neuropeptide is widely dis- 
tributed and exerts a variety of biological actions 
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in the peripheral and central nervous system. In the 
rat spinal cord GAL is present in primary sensory 
neurones (DRG), local dorsal horn cells and motor 
neurones. 2,3 GAL is of particular interest as an 
endogenous inhibitory spinal modulator in sen- 
sory/noxious processing and transmission. Intra- 
thecally (i.t.) applied GAL has a concentration 
dependent biphasic facilitatory and depressive 
effect on the spinal flexor reflex (used as a model 
for nociceptive and sensory transmission) 4 and dose 
dependently inhibits the facilitatory effect 'wind- 
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up' of conditioning stimulation (CS) of C-afferents 
in skin and muscle nerves. 5 Lt GAL also potent- 
iates the spinal antinociceptive effect of morphine 
and a selective CCK-B antagonist at a dose which 
by itself does not cause analgesia. 6,7 

The occurrence of GAL in the central nervous 
system and the possibility that it may act as an 
endogenous inhibitory modulator have focused 
interest on its metabolism. Fast enzymatic inac- 
tivation is probably of importance in terminating 
the actions of the synaptically released peptide 
neurotransmitters. Pharmacological use of peptide 
receptor ligands assumes that we can adequately 
protect these from peptidolysis either by finding 
non-peptide ligands (e.g. morphine) or by syn- 
thesizing protected peptide type ligands. If the phar- 
macological effect of the peptide receptor agonist is 
desirable, inhibitors to specific degrading enzymes 
may also be useful. The first step toward these goals 
is to establish the degradation pattern for the pep- 
tide in question. 

Earlier studies have shown that GAL is degraded 
rapidly when incubated with gastric smooth muscle 
membranes, although the metabolic products or 
half-life in this preparation were not determined. 8 
Degradation of GAL(l-29) and GAL(1-16) (a high- 
affinity agonist) in a hypothalamic crude membrane 
preparation showed that the metabolic half-lives 
were 100 min and 28 min, respectively. The proposed 
peptidolytic cleavage sites in GAL(1-16) were 
between Trp 2 -Thr\ Thr'-Leu 4 , and Leu 4 -Asn 5 , yield- 
ing fragments GAL(3-16), GAL(4^16) and GAL(5- 
16), all without measurable affinity to the GAL 
receptor. 9 

During an intrathecal administration, GAL is 
injected into the cerebrospinal fluid (CSF), per- 
meates the pia mater and diffuses to the superficial 
layers (laminae I and II) of the spinal cord, where 
spinal GAL receptors are expressed. The metab- 
olism of endogenously occurring GAL(l-29) and 
the N-terminal biologically active GAL fragment 
GAL(1-16) has not yet been studied in the spinal 
cord or CSF. Identification of the fissile bonds in 
GAL(l-29) and GAL(1-16) may assist the 
synthesis of peptidolytically more stable, long act- 
ing analogues which could be used in pain treat- 
ment. 

The present study shows the metabolism of 
GAL(l-29) and the GAL(1~16) in isolated rat CSF 



and a P 2 -membrane preparation from the lumbar 
dorsal spinal cord. 



Materials and methods 

Materials 

Rat GAL(l-29) and GAL(1-16) were synthesized 
by the f-Boc method, purified on a LKB HPLC 
apparatus (SYSTEM PREP 50) using Polygosil 60- 
7 Cig reverse phase column and characterized by 
plasma desorption mass spectrometry, model 
Bioion 20, Applied Biosystems, as described by 
Langel et al 1992. 10 GAL(l-29) was synthesized 
with a C-terminal amide corresponding to the 
endogenous peptide while GAL(1-16) was syn- 
thesized as a free carboxylic acid. The protease 
inhibitors E-64 (N-[N-(L-3-Trans-carboxyoxirane- 
2-carbonyl)-L-leucyl]-agmatine), 3, 4-DCI (3, 4- 
Dichloroisocoumarin), pepstatin A, phos- 
phoramidon, bestatin and thiorphan were from 
Boehringer Mannheim. Kelatorphan was a gen- 
erous gift from Prof. B. Roques (Paris). All other 
reagents were from Sigma (St Louis, MO, USA). 

Isolation of CSF 

Adult male rats (Sprague-Dawley, 350-400 g) were 
anaesthetised with chloral hydrate 300 mg/kg body 
weight (i.p.) and CSF was collected from the Cis- 
ternae cerebello medullaris through a suboccipital 
puncture and immediately put on ice. To remove 
contaminating blood cells the CSF was centrifuged 
for2min at HOOOxg. 

Control experiments were performed, with serum 
from blood collected through a heart puncture, and 
showed no degradation of either GAL(l-29) or 
GAL(1-16). 

Preparation of membranes from lumbar dorsal spinal 
cord 

Adult male rats (Sprague-Dawley 180-200 g) were 
decapitated, the lumbar spinal cord rapidly dis- 
sected and divided into dorsal and ventral parts. 
The tissue (10% w/v) was homogenized on ice with 
a tight fitting Teflon-glass homogenizer (10 strokes 
at 695 rpm) in 0.32 M sucrose buffered with 5 mM 
Hepes (pH 7.4). The homogenate was diluted 10- 
fold with 0.32 M sucrose buffered with 5 mM Hepes 
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(pH 7.4) and centrifuged at 1000 xg for 10 min. 
The supernatant was further centrifuged at 
10000 x g for 45 min and the pellet resuspended at 
a concentration of 1 mg protein/ml in Hepes (5 
mM)-buffered Krebs-Ringer solution (Hepes-KR), 
containing 137 mM NaCl, 2.68 mM KC1, 1.8 mM 
CaCl 2) 2.05 mM MgCl 2 and 1 g/1 glucose, pH 7.4, 
aliquoted and stored at -80°C 

Degradation of GAL (1-29) and GAL (1-16) in CSF 
or lumbar dorsal spinal cord membranes 

To determine the rate of degradation of and to 
identify the proteolytic products, GAL(l-29) and 
GAL(1-16) at a concentration of 1 and 0.5 fig/nU 
respectively, were incubated with isolated rat CSF 
or P 2 -membranes from the lumbar dorsal spinal 
cord (0.6 mg protein/ml, GAL(l-29) and GAL(1- 
16): 30 fiM) at 37°C, 0-210 min. The degradation 
was stopped by precipitation of proteins with per- 
chloric acid (final concentration 2% (v/v)), and cen- 
trifuged for 2 min at HOOOxg. The resulting 
supernatant was analysed by HPLC on CI 8 reverse 
phase analytical column (Nucleosil 120-3, 100x4 
mm ED), eluting with a 16-56% acetonitrile/water 
(0.1% TFA v/v), gradient for 50 min, flowrate 0.8 
ml/min. 

To characterize the degradation products, the 
different peaks were collected, lyophilised and Phe- 
nylisothiocyanate (PITC) amino acid analysis was 
performed. 

First order rate constants of the disappearance 
of GAL(l-29) and GAL(1-16) were calculated 
according to equation 1. 

S t = S 0 e-* (eq. 1) 

where S t = area of non-degraded peptide peak, at 
time moment t; S 0 = area of initial peptide peak at 
t = 0; k = first order rate constant of the degra- 
dation of the peptides. 



Results 

To determine the half-lives and degradation pattern 
of GAL(l-29) and GAL(1-16), degradation studies 
were performed in freshly isolated CSF from rats. 
The rate of disappearance of GAL(l-29) and 
GAL(1-16), and the appearance of degradation 
products were followed by HPLC-analysis. Those 



degradation products which appeared first were col- 
lected and further characterized by PITC amino 
acid analysis. In the isolated CSF preparation the 
metabolic half-lives for GAL(l-29) and GAL(1- 
16) were 120 ±60 min (n = 6) and 60 + 30 min 
(n = 6), respectively at 37°C. The first inde- 
pendently appearing degradation products for 
GAL(1-16) were GAL(3-16) and GAL(3-12) and 
for GAL(l-29) were GAL(l-5) and GAL(l-4). 
None of these peptide fragments could displace 125 I- 
GAL(l-29) binding from spinal cord membranes 
(Fig. 1). 

To characterize the protease class which is mainly 
responsible for the degradation of GAL(1-I6) and 
GAL(l-29) we used a lumbar dorsal spinal cord P 2 - 
membrane preparation, because of the poor repro- 
ducibility of half-lives of GAL(l-29) and GAL(1- 
1 6) in isolated CSF. Degradation studies, in absence 
or presence of different protease inhibitors were 
performed. 

In Figure 2 the half-lives of GAL(1-16) and 
GAL(l-29) in presence of the serine, cysteine and 
aspartate protease inhibitors 3,4-DCI (0.1 mM), E- 
64 (1.4 mM) and pepstatin (20 /xM), respectively 
are listed. As shown, neither one of these inhibitors 
is able to prolong the half-lives of GAL(1-16) or 
GAL(l-29). However, the metal chelators EDTA, 
EGTA and o-phenanthrolin (1,10-phenanthrolin) 
significantly prolonged the half-lives of GAL(1-16) 
and GAL(l-29) in spinal cord membranes. 
Whereas the Zn 2+ chelator o-phenanthrolin at 0.2 
mM prolonged the half-lives of GAL(1-16) and 
GAL(l-29) three times, EDTA and EGTA (10 
mM) could prolong the half-life of GAL(l-29) 6 
times, but the half-life of GAL(1-16) only 3 times. 
The results presented in Figure 2 clearly indicate 
that GAL(1-16) and GAL(l-29) are sensitive 
to metalloprotease(s), probably Zn-metallopro- 
tease(s). 

To further characterize which metalloproteases 
are involved in the degradation of GAL(1-16) and 
GAL(l-29), their half-lives were measured in the 
presence of inhibitors to some well characterized 
metalloproteases, known to be present in the CSF 
and spinal cord. In Figure 3, the half-lives of 
GAL(1-16) and GAL(l-29) are shown in the pres- 
ence of the peptidase inhibitors: bestatin (ami- 
nopeptidase N/M (APN/M)), phosphoramidon 
(neutral endopeptidase EC. 3.4.24. 1 1 (NEP)), thior- 
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S-A-Q#-L-L-G-P-H-A-!-D-N-H-R-S-F-S-D-K-H-G-L-T-NH 2 



ratGAL(i-29) 



G## 



rGAL(1-5) + rGAL(6-29) 
rGAL(1-4) + rGAL(5-29) 



rat GAL(1-16) 



-Hfi-S-A-G 



l-l-g|p-h-a-i 



rGAL(3-12) + rGAL(13-16) 
rGAL(1-2) + rGAL(3-16) 

Fig. 1 Degradation patterns of GAL(l-29) and GAL(1-16) in isolated rat CSF. Encircled letters indicate main pharmacophores 
in binding to the GAL receptor 



fragments with binding 

-4 

affinities lower than 10 M to 
the GAL receptor 
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E-64 Pepstatin A 3,4-DCI EDTA EGTA o-phenanthrolin 

56 \iM 22 \M 0.23 ^iM 10 mM 10 mM 0.2 mM 

Fig. 2 The half-lives of GAL(1-16) (dark columns) and GAL(l-29) (light columns) [30 jiM] incubated in a crude i mitochondrial 
membrane preparation (PJ [0.6 mg/ml] from LDSC, at 37°C, in presence of the protease inhibitors 3,4-DCI (serine), E-64 (cysteine), 
pepstatin A (aspartate) and metal-chelating agents o-phenanthrolin, EDTA and EGTA. The rate of peptide degradation was 
followed on HPLC and the half-lives were calculated according to S t « Soe"", where S t = area of non-degraded peptide peak at 
time moment t; S 0 = area of initial peptide peak at t = O; k = first order rate constant of the degradation of the peptides. 



phan (NEP), kelatorphan (mixed APN/M-NEP 
inhibitor), and a mixture of these. Of these met- 
alloprotease inhibitors, only the endopeptidase 
inhibitor phosphoramidon, could significantly 



inhibit the degradation of GAL(1-16) and GAL(1- 
29). 

The degradation of both GAL(l-29) and 
GAL(1-16) was faster when incubated with mem- 
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1 1/2 (min) 




none o-phenanthrolln Bestatln Thtorphan Kelatofphan Phosphoram. Best. + Phosph, 
0.2 mM 145 uM 5uM 5uM 920 uM 145 / 920uM 

Fig. 3 The half-lives of GAL(1-16) (dark columns) and GAL(l-29) (light columns) [30 /*M] incubated in a crude mitochondrial 
membrane preparation (PJ [0.6 mg/ml] from LDSC, at 37°C, in presence of the protease inhibitors bestatin (APN/M), phos- 
phoramidon (NEP), thiorphan (NEP), keiatorphan (mixed APN/M-NEP inhibitor), and a mixture of these. For calculations see 
legend under Figure 2. 



branes from spinal cord than when incubated with 
isolated CSF, which can be explained by the mem- 
brane concentration used, in this case 0.6 mg pro- 
tein/ml. To determine whether or not the inhibition 
of degradation of GAL(1-16) and GAL(l-29) by 
o-phenanthrolin was concentration-dependent, 
degradation of GAL(1-16) and GAL(l-29) in spi- 
nal cord membranes in the presence of increasing 
concentrations of o-phenanthrolin was studied 
(Fig. 4). The degradation of both GAL(1-16) and 
GAL(l-29) was inhibited in a concentration-depen- 
dent manner by o-phenanthrolin. At 0.4 mM (the 
highest inhibitor concentration used) the half-life 
of GAL(1-16) was prolonged 12-fold (from 22 to 
270 min) and for GAL(l-29) the half-life was pro- 
longed only 5-fold (from 70 to 398 min). In a pre- 
liminary study of the degradation of GAL(1-16) 
and GAL(l-29) in isolated human CSF (frozen) 
the half-lives for GAL(l-29) and GAL(1-16) were 
» 180 min, probably due to inactivation of degrad- 
ing activities during storage of the samples. 



Discussion 

The present study shows that GAL(1-16) and 
GAL(l-29) are enzymatically degraded in isolated 
CSF from rat. Although GAL(1-16) has not been 
shown to occur endogenously, information about 
its metabolism is important from a phar- 
macological-therapeutic point of view, since it acts 




OH 1 1 1 T 

0 0,1 0,2 0,3 0,4 



[ophenanthrolin] (mM) 

Fig. 4 Metabolic half-lives of GAL(1-16) (filled circles) and 
GAL(l-29) (open circles) incubated in P 2 membranes from lum- 
bar dorsal spinal cord, 37°C, in presence of increasing con- 
centrations of 0-phenanthrolin. 

as a high affinity full agonist. 11 Studies on the struc- 
tural requirements of the biological activity of 
GAL(l-29) in the spinal cord have shown that the 
N-terminal fragment GAL(1-16) is an equipotent 
agonist at the spinal GAL receptor, with a K D value 
of 3 nM, but with slightly superior pharmaco-kin- 
etic properties e.g. penetration and diffusion con- 
stants compared to GAL(l-29). n 
The half-lives for GAL(1-16) and GAL(l-29) in 
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CSF were 60 ±30 min and 120 ±60 min, respec- 
tively, showing that GAL is a surprisingly stable 
peptide. The half-lives for GAL(1-16) and GAL(1- 
29) in the spinal cord membrane preparation were 
20 ± 2 and 56 ± 5 min, respectively. An earlier study 
carried out in a hypothalamic membrane prep- 
aration, showed that the half-lives for GAL(1-16) 
and GAL(l-29) were 28 and 100 min, respectively. 9 

The higher metabolic stability of GAL(l-29) as 
compared to GAL(1-16), can be explained by the 
proposed horse-shoe like conformation of GAL(1- 
29) based on fluorescence energy transfer data, sug- 
gesting that the C-terminal part of the molecule can 
sterically protect the N-terminal and render it less 
susceptible for proteolytic attack. 12 - 13 

The first appearing degradation products for 
GAL(1-16) were GAL(3-16) and GAL(3-12) and 
for GALQ-29) were GAL(l^) and GAL(l-5) as 
determined by PITC amino acid analysis of the 
collected HPLC peaks/fractions. To address the 
question whether the formation of GAL(3-12) was 
secondary to a previous formation of GAL(3-16) 
from GAL(1-16), synthetic GAL(3-16) was incu- 
bated with isolated CSF for 90 min. No formation 
of GAL(3-12) was observed, indicating that 
GAL(3-16) and GAL(3-12) are independent degra- 
dation products of GAL(1-16). To yield the frag- 
ment GAL(3-12), GAL(1-16) is cleaved between 
Trp^Thr 3 and Pro 12 -Gly 13 , where the latter rep- 
resents an unusual cleavage site. The degradation 
patterns of GAL(1-16) and GAL(l-29) in CSF 
showed that the cleavage sites are located mainly in 
the N-terminal part of the peptides. Cleavage in 
the N-terminal part of GAL(1-16) and GAL(l-29) 
represents a biologically significant degradation, as 
this results in fragments which no longer bind to 
spinal GAL receptors with high affinity, and are 
thus in a galaninergjc perspective, inactive frag- 
ments. In order to characterize which protease class 
is mainly responsible for the degradation of 
GAL(1-16) and GAL(l-29) we changed the model 
system from isolated CSF to a lumbar dorsal spinal 
cord P 2 -membrane preparation. 

The degradation profile (i.e. time dependency 
and amount of individual degradation products) of 
GAL(1-16) and GAL(l-29) in spinal cord mem- 
branes were similar to that in CSF, suggesting that 
a similar set of peptidases is acting in the CSF and 
in the spinal cord membranes. The inability of the 



serine (3.4-DCI), cysteine (E-64) and aspartate 
(pepstatin) protease inhibitors to prolong the half- 
lives of GAL(1-16) and GAL(l-29) and the potent 
inhibition by ophenanthrolin, EDTA and EGTA 
suggest that metalloproteases are active in the 
metabolism of GAL(I-16) and GAL(l-29) (Fig. 2). 
An interesting finding was that GAL(1-16) and 
GAL(l-29) were differently inhibited by the metal 
chelators o-phenanthrolin, EDTA and EGTA. o- 
phenanthrolin prolonged the half-lives of GAL(1- 
16) and GAL(l-29) three times, whereas EDTA 
and EGTA prolonged the half-life of GAL(l-29) 
six times, but the half-life of GAL(1-16) only three 
times. This may indicate that metalloproteases 
other than Zn-metalloproteases are also active in 
the degradation of the C-terminal part of GAL: 
GAL(17-29), whereas the N-terminal part is 
degraded mainly by Zn-metalloproteases. 

In the subsequent investigation of which met- 
alloproteases degrade GAL(1-16) and GAL(l-29), 
we selected inhibitors specific for NEP (thiorphan), 
APN/M (bestatin), mixed NEP and APN/M inhibi- 
tor (kelatorphan) and the less specific metallo-endo- 
peptidase inhibitor phosphoramidon, which is also 
a potent NEP inhibitor. These studies suggest that 
a metallo-endopeptidase(s), other than NEP 
degrades GAL(1-16) and GAL(l-29) in the spinal 
cord membranes, since phosphoramidon but nei- 
ther thiorphan nor kelatorphan significantly pro- 
longed their half-lives. Phosphoramidon (920 /xM) 
prolonged the half-lives of both GAL(1-16) and 
GAL(l-29) to the same extent(l. 5-fold), indicating 
that the protease inhibited by phosphoramidon, is 
active in the GAL(1-16) part of GAL(l-29). The 
identification of the first appearing degradation 
products of GAL(1-16) i.e. GAL(3-16) and 
GAL(3-12) and of GAL(l-29), GAL(l-4) and 
GAL(l-5) in isolated CSF may suggest the involve- 
ment of (N-terminally acting) amino- and/or dipep- 
tidyl amino peptidases. This is consistent with a 
study in a hypothalamic membrane preparation, 
where the degradation of GAL(l-29) and GAL(1- 
16) was shifted from the N-terminal portion to the 
C-terminal portion in the presence of EDTA, sug- 
gesting that the enzyme(s) responsible for the cleav- 
age in the N-terminal part are metalloprotease(s). 9 
In conclusion, degradation studies in spinal cord 
membranes in the presence of different protease 
inhibitors indicate that an o-phenanthrolin and 
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phosphoramidon sensitive zinc-metalloprotease(s) 
is mainly responsible for the degradation of 
GAL(1-16) and GAL(l-29), since both o-phen- 
anthrolin in a concentration dependent manner and 
phosphoramidon are able to substantially prolong 
their half-lives. 
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Abstract 

Using in situ hybridization histochemistry and immunohistochemistry, the present study examines the cooperative regulation 
of transcription of molecules involved in the Ras-signal and the cAMP dependent protein kinase (PKA) pathways during 
peripheral nerve regeneration in rats. Injury to hypoglossal motor neurons resulted in an increase in extracellular regulated 
kinase (ERK, or MAP kinase) and ERK kinase (MEK, or MAP kinase kinase) mRNAs, but in a decrease in the expression of the 
catalytic subunits of PKA (Ca and Q3) mRNAs. These results show the importance of the Ras-signal pathway in the nerve 
regeneration process and extend recent observation which suggested a cross-talk between the Ras and PKA pathways in vitro. 
The down-regulation of PKA may facilitate the activation of the Ras pathway which is located downstream of the growth factor 
receptor. The present study may suggest a possibility of regulatory talk between these two major signal transduction pathways. 

Keywords: MAP kinase; ERK; MEK; PKA; MAPKK; Axotomy; Injury 



1. Introduction 

Recently the possibility of cross-talk between the 
two major signal transduction pathways namely, the 
Ras and cAMP dependent protein kinase (PKA) path- 
ways, has been demonstrated in some mammalian cell 
lines [7,10,16,38,45]. The Ras pathway is a downstream 
effector pathway following growth factor receptor acti- 
vation [13]. A receptor tyrosine kinase, which is com- 
mon among the growth factor receptors, conveys infor- 
mation from the extracellular signal mediator to the 
extracellular signal regulated kinase (ERK or MAP 
kinase) through Grb2-SOS, Ras-GTP, Raf-1 and MAP 
kinase kinase (MAPKK or MEK) cascade to transcrip- 
tion factors [31,39,44], Among implicated cross-talk 
points, inhibition of Raf-1 by PKA could be a major 
element. In addition, phosphorylation of Rap and SOS 
by PKA has also been suggested to inhibit Ras signal 
transduction [7,10,16,38,45]. 

Recently we have focused our attention on the ex- 
pression of genes associated with nerve regeneration in 
particular the cytoplasmic membrane associated en- 
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zymes phospholipase C (PLC), PKC isozymes and 
phosphatidylinositol kinase isozymes (PI3K and PI4K). 
We have reported previously the regulation character- 
istics of PLC isozymes [34]; the down-regulation of 
PLC0 and PI4K mRNAs following nerve injury sug- 
gested that the signal transduction pathway involving a 
G-linked receptor was perturbed following damage. 
However, expression of PLCa, whose structure is dif- 
ferent from the other PLC isozymes, was up-regulated, 
whilst expression of PLCy and PI3K were unaffected. 
As PLCy and PI3K are associated the receptor tyro- 
sine kinase, we then expected an importance of re- 
maining major pathway downstream of the receptor 
tyrosine kinase namely, the Ras-pathway to see whether 
it is activated or not following peripheral nerve injury. 
In addition, we also examined the expression of the 
PKA genes, catalytic subunits of PKA (PKAC) and 
regulatory subunits of PKA (PKAR), to determine how 
these are influenced by damage and regeneration, as 
the PKA could influence the Ras-signal pathway. A 
PKA molecule consists of two catalytic (C) and two 
regulatory (R) subunits. When the catalytic subunits 
are bound to the regulatory subunit, the enzyme is 
silent, whereas cAMP can dissociate the C and R 
subunits' complex and activate the enzyme [37]. Fur- 
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Fig. 2. Expression of ERK1 mRNA in the hypoglossal nucleus 1 day (A), 7 days (B), and 56 days (C) after unilateral hypoglossal nerve resection 
(right side), and 1 (D), 7 (E), and 28 (F) days after nerve crush (right side). 4V, fourth ventricle; 10, dorsal nucleus of vagus nerve; 12, hypoglossal 
nucleus. Bar = 200 jim. 



thermore, PKA can be classified into two subsets (type 
I and type II) according to structural difference of 
regulatory subunits (RI and RII). So far two distinct 



forms (a and 0) of each R subunit have been cloned, 
and also two isoforms of C subunits (or and p) are 
known to be expressed in the brain. Thus, at least two 



Fig. 1. Histological control experiment demonstrating the specificity of the ERK1 probe and photomicrographs showing mRNA for ERK1, ERK2 
and ERK3. A series of three adjacent sections were obtained from unilaterally resected animals 3 days after surgery (right side is the resected 
side). A: is derived from pre-RNase A treatment; and B: shows the results of the competition test derived from hybridization with an excess 
amount of unlabeled probe. C: shows the normal reaction. D: shows bright-field photomicrographs of ERK1 mRNA in the ipsilatcral hypoglossal 
nucleus 7 days after axotomy. Sections are counterstained with thionin. E,F: show dark-field photomicrographs for ERK2 (E) and ERK3(F) 
mRNAs, 3 days after unilateral resection. 4V, fourth ventricle; 10, dorsal nucleus of vagus; 12, hypoglossal nucleus. Bar =■ 200 jim (A,B,C,E,F); 
Bar - 30 fim (D). 
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C subunits (Ca and C/3) and four R subunits (RIa, 
RI/3, Rlla, and RII0) are thought to exist in the brain 
[8]. In the present study we examined the regulation of 
gene transcription in all these six subunits (Ca, C/3, 
RIa, RI/3, Rlla, and RII0) after hypoglossal nerve 
axotomy. 



2. Materials and methods 

2 /. Animals 

Male Wistar rats weighing about 100 g were anesthetized with 
pentobarbital (45 mg/kg), positioned supine and their right hy- 
poglossal nerve carefully exposed. The nerve was then either crushed 
with a pair of fine forceps for 30 s or resected with a pair of scissors 
and the distal nerve segment (5 mm) removed. 

2.2. In situ hybridization 

Animals were decapitated at 1, 3, 5, 7, 14, 21, 35, 49, and 56 days 
after surgery. Their brains were removed quickly and frozen in 
powdered dry-ice. Twenty micrometer thick sections were cut on a 
cryostat, thaw-mounted onto 3-aminopropyltriethoxysilane coated 
slides, and stored at -80°C until used. Sections were fixed in 4% 
paraformaldehyde in 0.1 M phosphate buffer for 15 min at room 
temperature, rinsed three times in 1XSSC, acetylated in freshly 
made 100 mM triethanolamine, pH 7, 0.25% acetic anhydride and 
then dehydrated in a graded ethanol series. Sections were treated 
with chloroform for 10 min to remove fat from tissue, and immersed 
in 100% ethanol twice before hybridization. Hybridization was car- 
ried out at 42°C overnight. The composition of the hybridization 
buffer was as follows: 50% deionized formamide, 4 X NaCl-sodium 
citrate buffer, 1 xDenhardt's solution, 0.12 M phosphate buffer (pH 
7.2), 2.5% tRNA, 10% dextran sulfate, 50 mM dithiothreitol and 
labeled probes (6-9 x 10 a dprn/ml). Hybridized sections were rinsed 
briefly in ixSSC to remove hybridization mixture at room tempera- 
ture, and washed in 1 x SSC at 60°C Sections were then dehydrated 
in a graded series of ethanol and air-dried prior to exposure to 
autoradiography film cassette for 1 week, whereafter sections were 
dipped in Ilford K-5 photoemulsion (Ilford, UK) diluted 6:4 in water. 
Sections were then exposed for 7 weeks at 4°C developed in Kodak 
D19 developer, counterstained with thionin, dehydrated in a graded 
series of ethanol to xylene, and covershipped before microscopic 
observation. 

2.3. Oligonucleotides 

The oligonucleotide probes for ERK1, ERK2 and ERK3 were 
synthesized complementary to bases (ERK1: 862-903, ERK2: 557- 
597, ERK3: 1086-1127) of the rat ERK1,2,3 cDNAs [4-6] and (Ca t 
151-190; C^, 158-196; RIa, 280-327; RI0, 32-79; Rlla, 1131-1178; 
RII0, 1341-1380) for rat PKA subunits [20,24,27,28,35,36,43]. These 
probes were labelled with (a- 35 S)dATP using terminal deoxynu- 
cleotidyl transferase, giving a specific activity of 23-28 MBq/mg. 
Specificity of the ERK1 hybridization signals was confirmed as 
follows: (1) no appreciable hybridization signal was detected in a 
competition experiment involving prehybridization of sections with 
100-fold unlabelled probe; (2) prior to in situ hybridization, sections 
were incubated for 1 h at 37°C with a buffer containing 10 mM 
Tris-HCl (pH 7.5), 1 mM EDTA and pancreatic RNase A (10 
mg/ml, Sigma). No hybridization signal was detected under such 
conditions (Fig. 1). Specificity against PKA RIa, RI0 and Rlla 
subunit hybridization signals have already been examined in other 
reports [27]. The sequences of specific probes to RII0. Car, C/3 



mRNAs were carefully chosen to rule out the possibility of cross-re- 
action against mRNAs presently identified for other proteins using 
computer analysis. 

2.4. Relative quantification of ERK1 mRNA 

The number of grains resulting from in situ hybridization was 
counted by image analysis. The relative area occupied by autoradio- 
graphic grains in the hypoglossal nuclei was measured bilaterally on 
the X-ray film using a computerized image analysis system (MCID; 
Image Res. Inc., Ontario, Canada). In the same section, we calcu- 
lated the difference in the optical density between the right (ipsi- 
lateral side) and the left (contralateral side) hypoglossal nuclei. For 
statistical analysis, at least four sections from three rats per time 
point were studied during same post operative interval. The r-test 
was done when necessary. 

25. Immunohistochemistry 

Animals were perfused 1, 2, 3, 5, 7, 14 days postoperatively with 
saline followed by 4% paraformaldehyde containing 14% of a satu- 
rated picric acid solution in phosphate buffer. Brains were postfixed 
in the same fixative for 1-2 days, and then immersed in phosphate 
buffered saline (PBS) containing 20% sucrose, before being sec- 
tioned (20 /im) on a cryostat. Sections were processed with a 
Vectastain ABC kit (Vector, USA). The primary antisera against 
ERK1 and MEK1 were obtained from Santa Cruz (California, USA) 
and UBI (NY, USA), and used at a dilution of 1:1000 and 1;2000, 
respectively. After overnight incubation in the diluted antisera, sec- 
tions were then incubated in biotinylated anti rabbit immunoglobulin 
G followed by an avidin-biotin-horseradish peroxidase complex and 
rinsed after both incubations in 0.02 M phosphate buffer and finally 
reacted with 3,3'-diaminobenzidine tetrahydrochloride and hydrogen 
peroxide to reveal a brown reaction product. 



3. Results 

3.1. ERKs 

ERK2 and ERK3 mRNAs were not changed follow- 
ing hypoglossal nerve injury, while only ERK1 mRNA 




DAYS 

Fig. 3. Changes in ERK1 mRNA levels after hypoglossal nerve 
resection (open square) and nerve crush (black square). Each point 
shows the average and standard deviation of the relative signal 
increases seen in the ipsilateral nucleus when compared to the 
contralateral side. 
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Fig. 4. Bright-field photomicrographs showing ERKl-like immunoreactivity in the hypoglossal nucleus unilaterally operated (right is the operated 
side) 2 days (A) and 3 days (B) after hypoglossal nerve resection. C: shows higher magnification of the ipsilateral hypoglossal nucleus 3 days after 
operation. 4V t fourth ventricle. Bar « 120 (A,B); Bar - 27 (C). 
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Table 1 

Expression profile of MEK1, ERK1, PKA-Ca and PKA-Q3 after the motor nerve resection 





1 day 


2 days 


3 days 


5 days 


7 days 


14 days 


28 days 


35 days 


MEK1 


+ /- 


+ 




+ + 




+ + 


+ 


+ 


ERK1 






+ 


+ + + 


+ + + 


+ + + 


+ + + 


+ + 


ERKl(mRNA) 




+ 


+ + 


+ + + 


+ + + 


+ + + 


+ + + 


+ + 


PKACa(mRNA) 


4- + +■ 


nd 


+ 




+ 


+ 


+ + 


+ + + 


PKACa(mRNA) 


+ + + 


nd 


+ 


+ 


+ 


+ 


-I- + 


+ + + 



The number of + indicates the extent of MEK1,. ERK1, PKA Ca and C0 mRNA expression on ipsilateral hypoglossal nucleus, compared with 
background level. - shows that the mRNA level is almost the background level, nd, not determined. 



was found to be up-regulated in the hypoglossal motor 
neurons but not in glia (Figs. 1 and 2). ERK1 mRNA 
transiently increased after both nerve resection and 
crush. The increase in ERK1 hybridization signal was 
detected initially in the ipsilateral hypoglossal nucleus 
2 days after either surgical procedure, however, the 
intensity of the hybridization signal markedly increased 
to a peak level during the following 3 days and per- 
sisted at this level for 14 days for the resection rats and 
7 days for the nerve crushed rats. Thereafter, the 
hybridization signal gradually decreased until control 
levels were reached during the following 6 weeks for 
the resection group and 3 weeks for the nerve crush 
group (Figs. 2 and 3). The increase in ERK1 mRNA 
was greater following nerve resection (Fig. 3). A similar 
expression profile was seen for ERK1 protein; the 
increase in ERK1 mRNA was paralleled by an increase 
in ERK1 like immunoreactivity (Fig. 4). The increase 
in ERKl-Iike immunoreactivity was first detected in 
injured motoneurons 3 days after surgery; that is one 
day after the initial increase in ERK1 mRNA (Table 
1). While ERK has been detected previously in both 
the cytoplasm and nucleus in some cell lines, in this 
study ERK1 was observed mainly in the cytoplasm 
after nerve injury. 

3.2. MEK 

MEK is a kinase which is located upstream of ERK 
in the Ras signal transduction cascade. Expression of 
this molecule after nerve injury was examined by im- 
munohistochemistry. An increase in the intensity of 
MEK-Iike immunoreactivity was detected in the ipsilat- 
eral motoneurons 2 days after nerve transection (Fig. 
5). Appearance of MEK immunoreactivity was de- 
tected one day earlier than the downstream protein, 
ERK (Table 1). The quicker increase of MEK im- 
munoreactivity than ERK-1 immunoreactivity is proba- 
bly reasonable for the facilitation of the signal cascade, 
and also implies that MEK up-reguiation was not due 
to the up-regulation of ERK which can phosphorylate 
MEK. 



3.3. PKA 

In the hypoglossal nucleus of normal rats, the PKA 
Ca and C/3 subunit mRNAs are expressed in abun- 
dance, while a moderate level of RIa, /? and Rlla, (3 
subunit mRNAs are detected. After resection of the 
hypoglossal nerve, no dramatic change was seen for 
either of PKA regulatory subunits; rather a slight in- 
crease in the Rlla and RII0 subunit mRNAs was 
observed in the ipsilateral hypoglossal motor neurons, 
and expression of RIa and RI0 remained unchanged 
following nerve injury. In contrast, a marked decrease 
in Ca and Cj3 mRNAs was observed (Fig. 6). The 
decrease in these mRNAs was detected initially 3 days 
after surgery, with a plateau being reached about 5-7 
days after the operation. Recovery of Ca and C/3 
mRNA levels to control levels was seen 4-5 weeks 
after the operation. The duration of Ca and C/3 
down-regulation was shorter than that observed for 
ERK and MEK. The time of on-set of this decreased 
gene expression was similar to that of ERK1. 



4. Discussion 

The present study demonstrates that during hy- 
poglossal nerve regeneration, ERK1 mRNA and im- 
munoreactivity, which is a pivotal enzyme in the Ras- 
signal pathway, are up-regulated. Further, an earlier 
up-regulation of MEK, which is a ERK regulating 
enzyme, was also found. It is feasible to expect that the 
up-regulation of this pathway is important for periph- 
eral nerve regeneration which can be effected by some 
growth factors. In addition, the down-regulation of the 
PKA system may facilitate the up-regulation of MEK 
and ERK activity. 

Several lines of studies have reported the up-regu- 
lation of ERK activity after stimulation of various 
kinds of growth factors [1,2,4-6,9,15,21,26,30,32,33,40, 
42]. Two kinds of activation profiles have been de- 
scribed among growth factors: the EGF type which 
shows an early transient up-regulation, and the 



Fig. 5. Bright-field photomicrographs showing MEK-likc immunoreactivity in the hypoglossal nucleus 1 day (A), 2 days (B), and 3 days (C) after 
hypoglossal nerve resection (right hand side is the operated side). 4V t fourth ventricle. Bar = 120 /xm. 
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Fig. 6. Dark-field photomicrographs showing mRNA for Ca and subunit of PKA in hypoglossal nucleus 3 days (A ( C), 28 days (D) and 35 
days (B) after axotomy. Both Ca and C/3 mRNA levels in the ipsilateral side (right) decrease 3 days after operation, and recover to the normal 
level around 28 days (crush, D) and 35 days (resection B) after operation, cc; central canal. 



NGF/FGF type which shows biphasic activation com- 
prising of an early and a late component [9,15,21,29, 
30,33]. The late component is supposed to be due to 
newly synthesized protein. Therefore, the NGF/FGF 
type of growth factors may promote ERK transcription. 
Indeed, cranial and spinal motor neurons express nu- 
merous growth factor receptors including FGFR1 (fig, 
FGF receptor), TrkB (high affinity BDNF receptor), 
p75 ngfr (lQW affinity component of NGF/BDNF/ 
NT-3) [12,14,19,22,41]. Among these receptors, Trk B 
and p75 NGFR have been demonstrated to be up-regu- 
lated after nerve injury. As for TrkB, this receptor is 
known to have two distinct forms, one is so-called the 
truncated type which does not have an intracellular 
tyrosine kinase domain, and the other is the non-trun- 
cated type which contains full length of the molecules 
including the tyrosine kinase domain. Interestingly, 
transcription of the truncated type of the receptor was 
down-regulated after motor nerve injury, whereas ex- 
pression of the non-truncated type of the receptor was 
up-regulated [14]. This opposing regulation of TrkB 
can lead to an increase in the strength of the signal 
transduction pathway initiated by activation of the TrkB 



receptor by BDNF. As for the growth factors them- 
selves, up-regulation of the synthesis of NGF and 
BDNF has been shown in Iesioned motoneurons 
and/or Schwann cells [11,17,18,22]. Furthermore, ex- 
ogenous application of BDNF to motor nerve lesion 
increased the survival of the motor neurons [19,23]. 
Taking these evidence into account, it is likely that 
BDNF is probably released from both the injured 
motor neurons and surrounding Schwann ceils, binds 
to its receptor (non-truncated TrkB) in an autocrine 
manner and up-regulates the transcription of MEK 
and ERK to accelerate the following Ras signaling 
pathway. This series of events involving growth factors, 
their receptors and intracellular signaling molecules 
along the Ras signal transduction pathway, might be 
crucial in facilitating neuronal regeneration. 

In addition to growth factors, some factors from 
other signal pathways have been suggested to activate 
ERK, for example G protein coupled PLC. Recent 
studies by Meloche et al. and L'Allernain et al. 
[25,29,30] reported that pertussis toxin inhibited the 
a-thrombin induced activation of both ERK1 (p44 mapk ) 
and ERK2 (p42 mapk ). a-Thrombin is known to activate 
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PLC by interacting with pertussis toxin-sensitive and 
-insensitive G proteins and to inhibit adenylyl cyclase 
through pertussis toxin-sensitive Gi proteins [42]. This 
suggests that the activation of the adenylyl cyclase may 
lead to an inhibition of ERK1 probably via activation 
of a PKA, as recent reports have suggested that the 
implied and the PKA pathways may cross- talk. PKA 
has been shown to inhibit Raf-1 activity which is lo- 
cated up-stream of the MEK. In addition, PKA was 
also shown to phosphorylate SOS and Rap. The phos- 
phorylation of SOS inhibits the signal pathway between 
Grb2 and Ras-GTP, while Rap phosphorylation causes 
a competition between Ras-GTP and Rap-GTP lead- 
ing to inhibition of Raf-1 activation which is adjacent 
to Ras-GTP in the Ras pathway [3]. At all junctures in 
the pathway, PKA seems to have an inhibitory influ- 
ence on the various components of the Ras-signal 
pathway. The results detailed above were derived from 
in vitro studies using selective mammalian cell lines, 
and so the functional significance of these interactions 
in vivo has been unknown. In the present study, we 
have suggested that the down-regulation of the PKA 
catalytic subunits (Ca and Cj3) possibly disinhibited 
the PKA inhibition of Ras-signal pathway leading to a 
facilitation of the Ras-signal pathway. Therefore, at 
least some of the molecules involved in these two 
major signal pathways are thought to be regulated 
cooperatively during the peripheral nerve regeneration 
process. These findings may suggest that linkage be- 
tween the Ras-signal pathway and the PKA pathway is 
of importance for the facilitation of the Ras-signaling 
pathway during nerve regeneration. 
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Abstract We have recently shown that the small GTP 
binding protein p21 ras is essential for nerve growth factor 
(NGF) -mediated survival of peripheral embryonic chick 
dorsal root ganglia (DRG) sensory but not sympathetic 
neurons. To investigate at which level of the signaling 
cascade the pathways diverge, we have studied the time- 
resolved pattern of NGF-stimulated tyrosine phosphory- 
lation of proteins within 4 h after addition of the neuro- 
trophic In both chick sympathetic neurons [embryonic 
day (E) 12] and DRG sensory neurons (E9) NGF induces 
within 1 min the autophosphorylation of the receptor tyro- 
sine kinase p140trk. However, the pattern of substrate 
protein tyrosine phosphorylation downstream of p140trk 
is distinctly different in both neuronal subtypes. In sympa- 
thetic neurons, we observe within 1 min the tyrosine 
phosphorylation of a new substrate protein, p105, reach- 
ing maximal levels at 3 min. Tyrosine phosphorylation of 
p105 remains elevated for up to 4 h. Subsequent to p1 05, 
NGF induces the tyrosine phosphorylation of p42, a pro- 
tein belonging to the family of mitogen-activated protein 
(MAP) kinases. This stimulation is transient, reaching 
maximal levels at 10 min and returning to very low levels 
already after 2 h. In DRG sensory neurons, tyrosine phos- 
phorylation of p105 is weak and very short lived, disap- 
pearing already after treatment with NGF for 10 min. In 
contrast, activation of MAP kinase p42 in DRG sensory 
neurons is more stable than in sympathetic neurons. All 
NGF-stimulated tyrosine phosphorylation events were in- 
hibited by preincubation of neurons with the tropomyo- 
sin-related kinase (trk) inhibitor K252a. We suggest the 
working hypothesis that persistent tyrosine phosphoryla- 
tion of p105 may play a role in the p21ras-independent 
NGF survival pathway of chick sympathetic neurons. Key 
Words: Chick sympathetic neurons— Chick dorsal root 
ganglia sensory neurons — Nerve growth factor signal 
transduction— Protein tyrosine phosphorylation— Tro- 
pomyosin-related kinase receptor — Mitogen-activated 
protein kinase. 
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Nerve growth factor (NGF) belongs to the family of 
neurotrophins specifically interacting with the receptor 



tyrosine kinase pl40trk and with the low-affinity re- 
ceptor p75 (see, for review, Meakin and Shooter, 1992; 
Chao, 1992; Barbacid, 1993). Recent gene knock-out 
experiments on NGF and on the tyrosine kinase do- 
main of its pl40trk receptor have confirmed that NGF 
activity is essential for the survival of peripheral sym- 
pathetic and certain types of sensory neurons involved 
in pain transmission (see, for review, Snider, 1994). 
The p75 low-affinity NGF receptor binds to all neuro- 
trophins and appears to modulate the p!40trk receptor 
activity at limiting concentrations of the NGF ligand 
(Barker and Shooter, 1994). In addition, an intrinsic 
p75 receptor signaling mechanism involving activation 
of the sphingomyelin cycle has been described recently 
(Dobrowsky et ai., 1994). 

As with other tyrosine kinase receptors, aggregation 
and tyrosine autophosphorylation of tropomyosin-re- 
lated kinase (trk) receptor are essential to initiate the 
various signaling mechanisms of NGF (Jing et al„ 
1992; Clary et al., 1994). The subsequent steps of 
intracellular signaling events (see, for review, Heu- 
mann, 1994; Saltiel and Decker, 1994) have been ex- 
tensively studied in transformed rat pheochromocy- 
toma PC 12 cells, which differentiate into sympathetic 
neuron-like cells on long-term exposure to NGF 
(Greene and Tischler, 1 976) . The autophosphorylation 
of the trk receptor opens binding sites for the sre ho- 
mology region 2 (SH2) domains of the SHC protein 
(ObermeieretaL, 1994; Ohmichi etal., 1994; Stephens 
et al., 1994), the p85 regulatory subunit of phosphati- 
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dylinositol-3 kinase (Ohmichi et ai„ 1992a; Soltoff et 
al., 1992) and of phospholipase C-yl (Vetter et al., 
1991; Obermeier et al., 1994; Stephens et a!., 1994). 
During this process these proteins become phosphory- 
lated on tyrosine residues themselves, and additional 
SH2 domain proteins are recruited to the membrane. 
After Grb2-mediated membrane recruitment (Hashi- 
moto et al., 1993; Basu et al., 1994), the p2Iras ex- 
change factor mSOS is thought to activate in turn 
p2lras protein, an inner membrane-bound protein os- 
cillating between the inactive GDP-bound and the sig- 
naling-competent GTP-bound conformation (see, for 
review, Boguski and McCormick, 1993). Other mem- 
brane-recruited proteins belong to the family of the raf 
serine /threonine kinases or mitogen -activated protein 
(MAP) kinase kinase (MEK) kinases (Oshima et al., 
1991; Ohmichi et al., 19926; Jaiswal et al., 1994; 
Lange-Carter and Johnson, 1994; Vaillancourt ct al., 
1994). Subsequently, these proteins induce the phos- 
phorylation of MEK and finally MAP kinase (Boulton 
etal., 1991; Ahn et al., 1992; Lloyd and Woolen, 1992; 
Qiu et al., 1992; Thomas et al., 1992; Wood et al., 
1992). p21ras activity and MEK I activity have re- 
cently been shown to be essential for the induction of 
neurite outgrowth in PC 12 ceils (Hagag et al., 1986; 
Szeberenyi et al„ 1990; Cowley et al., 1994). 

Although the elucidation of the mechanisms leading 
to neurite outgrowth in PC 12 cells is progressing well, 
surprisingly little is known about the sequence of 
events coupled to neurite outgrowth and survival in 
postmitotic neurons. As an initial approach we have 
shown previously that activated p2Iras protein pro- 
motes neurite outgrowth and survival in embryonic 
chick dorsal root ganglia (DRG) sensory but not sym- 
pathetic neurons (Borasio et al., 1989, 1993). Measur- 
ing the time-resolved NGF-stimulated tyrosine phos- 
phorylation of proteins in these peripheral neural crest- 
derived subtypes of neurons, we describe here the 
common activation of pl40trk and divergent down- 
stream signaling pathways. 

MATERIALS AND METHODS 
Materials 

NGF from adult male mouse submaxillary glands was 
purified as described (Suda et al., 1978 ) and kindly provided 
by H. Rohrer (Frankfurt, Germany). Recombinant human 
NGF and NT3 were gifts of Genentech (San Francisco, CA, 
U.S.A.). 

Plastic dishes were from Nunc (Wiesbaden, Germany). 
Ham's F14 medium and horse serum were obtained from 
G1BCO (Eggenstein, Germany). Nonidet P-40 was pur- 
chased from Boehrtnger {Mannheim, Germany). Sodium 
deoxycholate and sodium dodccyl sulfate (SDS) were ob- 
tained from Serva ( Heidelberg, Germany). Anti-phosphoty- 
rosine monoclonal antibody 4GI0 and anti-MAP kinase R2 
antiserum were purchased from UBI (Lake Placid. NY, 
U.S.A.). Anli-lrk rabbit antiserum was purchased from On- 
cogene Science (Uniondale, NY, U.S.A.). The enhanced 
chcmiluminescence detection system (ECL) and Hypcrfilm- 



ECL were obtained from Amersham (Braunschweig, Ger- 
many). All other reagents were from Sigma (Deisenhofen, 
Germany). 

Cell culture 

Chick embryonic sensory DRG neurons [embryonic day 
(E) 9J and sympathetic neurons (E12) were isolated from 
the corresponding ganglia at the indicated ages and cultured 
using previously described methods (Lindsay et al., 1985). 
After trypsinization and dissociation, the cell suspension was 
preplated as described to remove fibroblasts and glial cells. 
The neuron-enriched cell suspension was plated at Nunc 
Petri dishes that had been coated with poly-L-Iysine hydro- 
bromide (70-150 kDa). The cultures were maintained with 
F14 medium containing 10% heat-inactivated horse serum 
at 37°C and 2.5% C0 2 in a humidified environment. 

Two hours after plating NGF was added at a concentration 
of 10 ng/ml. For some experiments, neurons were preincu- 
bated for 10 min with the trk kinase inhibitor K252a at a 
concentration of 1 \iM '. 

Cell lysis 

Cells were washed two times with Ca 2 "7Mg 2f -free phos- 
phate-buffered saline and lysed in a small volume of lysis 
buffer |50 mAf Tris-HCl (pH 7.4), 150 mAf NaCl, 40 mAf 
NaF, 5 mAf EDTA, 5 mM EGTA, 1 mAf sodium orthovana- 
date, 1% (vol /vol) Nonidet P-40, 0.1% (wt/vol) sodium 
deoxycholate. 0.1% (wt/vol) SDS, 1 mAf phcnylmethylsul- 
fony! fluoride, and 10 /zg/ml of aprotininj using a rubber 
policeman. Lysates were centrifuged for 5 min at 16,000 g 
and 4°C. The supernatant was immediately used for experi- 
ments or frozen at — 8()°C. 

SDS-polyacrylamide gel electrophoresis (PAGE) 

Three volumes of lysate were mixed with I volume of 
fourfold concentrated sample buffer according to the proce- 
dure of Laemmli (1970) and heated for 5 min at 95°C. 
Proteins in samples together with molecular mass marker 
proteins were separated on SDS-polyacrylamide gels pre- 
pared by the method of Laemmli ( 1970). If not otherwise 
indicated, the slab gels ( 1.5 mm thick) consisted of a 3% 
stacking gel (10 mm long) and an 8% separating gel (50 
mm long). 

To analyze the phosphorylation state of MAP kinase p42, 
we used low-cross-linker SDS-polyacrylamide gels ( 1.5 mm 
thick), consisting of a 5% stacking gel (15 mm long) and 
a 15% separating gel ( 120 mm long). 

Immunoblot analysis 

Subsequent to SDS-PAGE, proteins were electrotrans- 
ferred onto nitrocellulose membranes for 2 h at 100 V in 
buffer containing 25 mAf Tris, 192 mM glycine, 20% (vol/ 
vol) methanol, and 0.01% ( wt/vol) SDS. Proteins on blots 
were stained with Ponceau S (Nakamura et al., 1985) to 
ascertain that comparable amounts of protein were loaded 
in each lane. The nitrocellulose sheets were blocked with 1% 
(wt/vol) nonfat dry milk, reacted with the primary antibody 
followed by reaction with the second antibody coupled to 
horseradish peroxidase. Detection of proteins was performed 
using the ECL detection system. 

Immunoprecipitation analysis 

One volume of lysate was diluted with 3 volumes of wash- 
ing buffer |50 mAf Tris-HCl (pH 7.9), 137 mAf NaCl, 1 
mAf sodium ortho vanadate. 10% (vol /vol) glycerol, and 1% 
(vol/vol) Nonidet P-40], Diluted lysates were incubated 
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FIG. 1. Tyrosine phosphorylation of p140trk in NGF-treated 
sympathetic neurons: inhibition by the trk inhibitor K252a. Chick 
sympathetic neurons (E12) were not treated (lanes 1 and 5) or 
treated with 10 ng/ml of NGF for 1 (lane 2), 5 {lane 3), 3 (lane 
6), 10 (lane 7), or 30 min (lane 8). For lane 4, sympathetic 
neurons were pretreated with 1 yM K252a for 10 min, followed 
by incubation with 10 ng/ml of NGF for 1 min. Lanes 1-4 and 
5-8 were derived from two independent experiments. Cells were 
lysed, and trk proteins in the lysate were immunoprecipitated 
using anti-trk antiserum. Proteins in immunoprecipitates were 
subjected to SDS-PAGE. After transfer to nitrocellulose, blots 
were reacted with anti-phosphotyrosine monoclonal antibody. 
Horizontal upper and lower bars indicate the position of 205- 
and 116-kDa molecular mass standard proteins, respectively. 
The arrow on the right points to the position of tyrosine-phos- 
phorylated protein p140trk. The broad bands represent antibody 
heavy chains in the immunoprecipitate. 



with anti-trk antiserum for 4 h, followed by incubation with 
protein A-Sepharose CL-4B beads for 2 h. After centrifuga- 
tion the beads were washed three times with washing buffer 
and heated for 5 min at 95°C in sample buffer according 
to the procedure of Laemmli (1970). Immunoprecipitated 
proteins were separated by SDS-PAGE, and immunoblot 
analysis with anti-phosphotyrosine monoclonal antibody was 
performed as described before. All experiments were re- 
peated two or three times with similar results. 

RESULTS 

NGF-stimulated tyrosine phosphorylation of 
pi 40 trk in cultured chick sympathetic and DRG 
sensory neurons 

We used a combined immunoprecipitation- immu- 
noblot approach to analyze the NGF-stimulated tyro- 
sine phosphorylation of trk in primary neurons. Trk 
proteins were immunoprecipitated from lysates of 
NGF-treated sympathetic neurons followed by immu- 
noblot analysis using an anti-phosphotyrosine mono- 
clonal antibody. As can be seen in Fig. 1, tyrosine 
phosphorylation of pl40trk was detectable after stimu- 
lation of sympathetic neurons with NGF for I min. 
Treatment with NGF for longer times (up to 30 min) 
resulted in similar levels of tyrosine phosphorylation 
of pl40trk (see Fig. 1 ). As expected, NGF-stimulated 
tyrosine phosphorylation of pl40trk could be pre- 
vented by preincubation of sympathetic neurons with 
the trk inhibitor K252a (see Fig. 1). 

Similarly, tyrosine phosphorylation of p!40trk was 
observed within 1 min after addition of NGF to chick 
DRG sensory neurons (Fig. 2). Tyrosine phosphoryla- 
tion of p!40trk could be inhibited by preincubation of 
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DRG sensory neurons with the trk inhibitor K252a 
(see Fig. 2). 

Time-resolved NGF-stimulated tyrosine 
phosphorylation of a novel protein pi 05 in 
cultured chick sympathetic and DRG sensory 
neurons 

We have developed a sensitive method to analyze 
the tyrosine phosphorylation of proteins in —50,000 
cultured primary neurons. Cells were lysed in a small 
volume of lysis buffer, and soluble proteins were char- 
acterized by immunoblotting using a sensitive and spe- 
cific monoclonal anti-phosphotyrosine antibody fol- 
lowed by a horseradish peroxidase-conjugated second 
antibody and an enhanced chemi luminescence detec- 
tion system. 

NGF induced the rapid tyrosine phosphorylation of 
two proteins in chick sympathetic neurons. A protein 
with an apparent molecular mass of 105 kDa ( p J 05 ) 
became tyrosine-phosphory I ated already within 1 min, 
with phosphorylation peaking at 3 min after exposure 
to NGF (Fig. 3). On prolonged treatment with NGF, 
tyrosine phosphorylation of pi 05 remained stable and 
declined moderately between 2 and 4 h, the longest 
interval measured (Fig. 4). Preincubation of sympa- 
thetic neurons with the trk inhibitor K252a (see, for 
review, Knttsel and Hefti, 1992) inhibited the tyrosine 
phosphorylation of pi 05 (see Fig. 3). Recombinant 
NGF stimulated the tyrosine phosphorylation of pi 05 
at the same concentration as did NGF from mouse 
submaxillary glands (data not shown). 

In DRG sensory neurons, NGF induced the weak 
and transient tyrosine phosphorylation of a protein with 
an apparent molecular mass of 105 kDa (Fig. 5 ). Max- 
imal tyrosine phosphorylation of pi 05 was observed 
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FIG. 2. Tyrosine phosphorylation of p140trk in NGF-treated 
DRG sensory neurons: inhibition by the trie inhibitor K252a. Chick 
DRG sensory neurons (E9) were not treated (lanes 1 and 4) or 
treated with 10 ng/ml of NGF for 1 (lanes 2 and 5) or 5 min (lane 
6). For lane 3, DRG sensory neurons were pretreated with 1 /JW 
K252a for 10 min, followed by incubation with 10 ng/ml of NGF 
for 1 min. Lanes 1 -3 and 4-6 were derived from two indepen- 
dent experiments. Cells were lysed, and trk proteins in the lysate 
were immunoprecipitated using anti-trk antiserum. Proteins in 
immunoprecipitates were subjected to SDS-PAGE. After transfer 
to nitrocellulose, blots were reacted with anti-phosphotyrosine 
monoclonal antibody. Horizontal upper and lower bars indicate 
the position of 205- and 1 1 6-kDa molecular mass standard pro- 
teins, respectively. The arrow on the right points to the position 
of tyrosine-phosphorylated protein p140trk. The broad bands 
represent antibody heavy chains in the immunoprecipitate. 
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FIG. 3. Tyrosine phosphorylation of proteins in NGF-treated 
sympathetic neurons: short time course and inhibition by the 
trk inhibitor K252a. Chick sympathetic neurons (E12) were not 
treated (lanes 1 and 7) or treated with 10 ng/ml of NGF for 1 
(lane 2), 3 (lane 3), 10 (lane 4), or 30 min (lane 5). For lane 6, 
sympathetic neurons were pretreated with 1 fiM K252a for 10 
min, followed by incubation with 10 ng/ml of NGF for 10 min. 
Cells were lysed, and proteins in the lysate were subjected to 
SDS-PAGE. After transfer to nitrocellulose, blots were reacted 
with anti-phosphotyrosine monoclonal antibody. Arrows on the 
right indicate the position of tyrosine-phosphorylated proteins 
p105 and p42. 



after treatment with NGF for 3 min. In contrast to 
sympathetic neurons, tyrosine phosphorylation of pi 05 
was hardly detectable after treatment of DRG sensory 
neurons with NGF for 10 min (see Fig. 5). 

Time-resolved NGF-stimulated tyrosine 
phosphorylation of protein p42 in sympathetic 
and DRG sensory neurons 

After stimulation of sympathetic neurons with NGF 
for 3 min, we observed the tyrosine phosphorylation 
of a protein with an apparent molecular mass of 42 
kDa (p42) (see Fig. 3). Tyrosine phosphorylation of 
p42 in sympathetic neurons was maximal after treat- 
ment with NGF for 10 min. Between 10 and 30 min 
after stimulation with NGF the amount of tyrosine- 
phosphorylated p42 started to decrease, to barely de- 
tectable levels after 4 h (see Fig. 4). Preincubation 
of sympathetic neurons with the trk inhibitor K252a 
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FIG. 5. Tyrosine phosphorylation of proteins in NGF-treated 
DRG sensory neurons: short time course and inhibition by the 
trk inhibitor K252a. Chick DRG sensory neurons (E9) were not 
treated (lane 1 ) or treated with 10 ng/ml of NGF for 1 min (lane 
2), 3 min (lane 3), 10 min (lane 4), or 30 min (lane 5). For lane 
6, DRG sensory neurons were pretreated with 1 jjM K252a for 
10 min, followed by incubation with 10 ng/ml of NGF for 10 min. 
Cells were lysed, and proteins in the lysate were subjected to 
SDS-PAGE. After transfer to nitrocellulose, blots were reacted 
with anti-phosphotyrosine monoclonal antibody. Arrows on the 
right indicate the position of tyrosine-phosphorylated proteins 
p105 and p42. 



prevented the NGF-dependent tyrosine phosphoryla- 
tion of p42 (see Fig. 3). Recombinant NGF stimulated 
the tyrosine phosphorylation of p42 at the same con- 
centration as did NGF from mouse submaxillary glands 
(data not shown). 

As in the case with sympathetic neurons, treatment 
of DRG sensory neurons with NGF for 3 min induced 
the tyrosine phosphorylation of a protein with a molec- 
ular mass of 42 kDa (p42) (see Fig. 5). Tyrosine 
phosphorylation of p42 was maximal after treatment 
with NGF for 10 min and remained constant for —1 
h. Longer incubation times of DRG sensory neurons 
resulted in a decrease in the tyrosine phosphorylation 
of p42, but the level was still elevated after treatment 
with NGF for 4 hours ( Fig. 6). Preincubation of DRG 
sensory neurons with the trk kinase inhibitor K252a 
prevented the NGF-stimulated tyrosine phosphoryla- 
tion of p42 (see Fig. 5). 
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FIG. 4. Tyrosine phosphorylation of proteins in NGF-treated 
sympathetic neurons; long time course. Chick sympathetic neu- 
rons (E12) were not treated (lanes 1 and 7) or treated with 10 
ng/ml of NGF for 10 min (lane 2), 30 min (lane 3), 1 h (lane 4), 
2 h (lane 5), or 4 h (lane 6). Cells were lysed, and proteins in 
the lysate were subjected to SDS-PAGE. After transfer to nitro- 
cellulose, blots were reacted with anti-phosphotyrosine mono- 
clonal antibody. Arrows on the right indicate the position of tyro- 
sine-phosphorylated proteins p105 and p42. 
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FIG. 6. Tyrosine phosphorylation of proteins in NGF-treated 
DRG sensory neurons: long time course. Chick DRG sensory 
neurons (E9) were not treated (lane 1 ) or treated with 10 ng/ml 
of NGF for 10 min (lane 2), 30 min (lane 3), 1 h (lane 4), 2 h 
(lane 5), or 4 h (lane 6). Cells were lysed, and proteins in the 
lysate were subjected to SDS-PAGE. After transfer to nitrocellu- 
lose, blots were reacted with anti-phosphotyrosine monoclonal 
antibody. The arrow on the right indicates the position of tyro- 
sine-phosphorylated protein p42. 
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FIG. 7. Identification of pp42 as a tyrosine-phosphorylated MAP 
kinase in NGF-treated sympathetic neurons. Chick sympathetic 
neurons (E12) were not treated (lanes 1 and 7) or treated with 
10 ng/ml of NGF for 1 (lane 2), 3 (lane 3), 10 (lane 4), or 30 
min (lane 5). For lane 6, sympathetic neurons were pretreated 
with 1 fxM K252a for 10 min, followed by incubation with 10 ng/ 
ml of NGF for 1 0 min. Cells were lysed, and proteins in the lysate 
were subjected to SDS-PAGE on large low-cross-linker gels and 
transferred to nitrocellulose. A: The blot was incubated with anti- 
MAP kinase antiserum. B: After removal of bound antibodies 
the blot was reincubated with anti-phosphotyrosine monoclonal 
antibody. Arrows on the right indicate the position of shifted 
tyrosine-phosphorylated MAP kinase p42 (pp42) and the posi- 
tion of unshifted unphosphorylated MAP kinase p42 (p42). 



Identification of p42 as a MAP kinase 

Molecular mass and time kinetics of tyrosine phos- 
phorylation of p42 in NGF-treated sympathetic neu- 
rons led us to the suggestion that p42 might belong to 
the family of MAP kinases. Further evidence for this 
hypothesis was obtained by the fact that, after removal 
of anti-phosphotyrosine monoclonal antibody from the 
immunoblot, reprobing with an antiserum directed 
against the MAP kinases extracellular signal-regulated 
kinase (ERK) 1 and ERK2 revealed a band with a 
molecular mass of 42 kDa (data not shown). To prove 
that p42 indeed belongs to the family of MAP kinases, 
we used a gel shift assay that discriminates between 
phosphoryiated and unphosphorylated forms of the 
protein. 

Proteins in ly sates from untreated and NGF-treated 
chick sympathetic neurons were blotted from large 
SDS-polyacrylamide gels with low cross-linker, and 
blots were incubated with anti-MAPK antiserum. As 
can be seen in Fig. 7A, this antiserum detected a single 
protein species in untreated cells. Stimulation of sym- 
pathetic neurons with NGF for 3 min resulted in a 
shift of part of the MAP kinase to a higher apparent 
molecular mass (see Fig. 7A). Stimulation with NGF 
for 10 min was accompanied by a shift of most of the 
MAP kinase, whereas treatment with NGF for 30 min 
led to an increase in the amount of the unshifted form 
of MAP kinase. Preincubation of NGF-stimulated sym- 
pathetic neurons with K252a resulted in the appearance 
of the unshifted form of MAP kinase (see Fig. 7A). 

To verify that the shifted species of MAP kinase 
was indeed tyrosine-phosphorylated, the blot was 
stripped and reincubated with anti-phosphotyrosine 
monoclonal antibody. As can be seen in Fig. 7B, only 
the shifted form of MAP kinase was stained with anti- 
phosphotyrosine monoclonal antibody, demonstrating 



that NGF treatment of sympathetic neurons resulted in 
a tyrosine-phosphorylated form of MAP kinase. 

Other tyrosine-phosphorylated proteins 

Several other tyrosine-phosphorylated proteins 
could be detected in unstimulated sympathetic and 
DRG sensory neurons. As expected, tyrosine phos- 
phorylation of these proteins was not prevented by 
preincubation of neurons with the trk inhibitor K252a 
(see Figs. 3 and 5). Preincubation of anti-phosphotyro- 
sine monoclonal antibody with phosphotyrosine inhib- 
ited the binding of the antibody to both basally and 
NGF-stimulated tyrosine-phosphorylated proteins in 
sympathetic and DRG sensory neurons (data not 
shown). 

DISCUSSION 

Although sympathetic and DRG sensory neurons de- 
rived from the chick PNS represent ' 'classical* * NGF- 
responsive systems, only limited information is avail- 
able on the mechanism of NGF-mediated signal trans- 
duction beyond the trk receptor activation ( Borasio et 
al., 1993; Clary et al., 1994). Specifically, the intracel- 
lular signaling cascade leading to neuronal survival is 
virtually unknown. As we have demonstrated pre- 
viously, DRG sensory neurons are absolutely depen- 
dent on p21ras activity: Intracellular application of ac- 
tivated p2iras replaces the NGF requirement for 
survival (Borasio et al., 1989), and, conversely, intra- 
cellular application of function-blocking anti-p21ras 
Fab fragments inhibits the NGF signal pathway for 
survival (Borasio et al., 1993 ). Consistently, activation 
of p21ras by NGF has been shown recently in chick 
DRG sensory neurons (Ng and Shooter, 1993). How- 
ever, no effect of activated p21ras was found in chick 
sympathetic neurons, and, correspondingly, the anti- 
p21ras Fab fragments could influence neither neurite 
outgrowth nor survival induced by NGF (Borasio et 
al., 1993). Accordingly, we present evidence here that 
the time-resolved tyrosine phosphorylation pattern of 
proteins is distinctly different between both neural 
crest-derived neuronal subtypes at a branchpoint 
downstream the pl40trk receptor. 

The action of NGF initiated by the aggregation of 
the pl40trk receptor is followed by rapid cross-phos- 
phorylation at defined tyrosine residues of the intracel- 
lular domain (Obermeier et al., 1994; Stephens et al., 
1994). Here, maximal tyrosine phosphorylation of 
pI40trk can be observed after treatment of sympathetic 
neurons with NGF for 1 min. In sympathetic neurons 
tyrosine phosphorylation persisted for up to 30 min, 
the longest interval measured. Consistently, it has been 
shown recently that persistent trkA receptor aggrega- 
tion by antibodies against the extracellular portion of 
trkA is sufficient to cause its autophosphorylation lead- 
ing to neurite outgrowth and survival (Clary et al., 
1994). Moreover, in trkA tyrosine kinase mouse gene 
knock-out mutants the sympathetic ganglia were strik- 
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ingly affected (Smeyne et al., 1994), demonstrating 
that the tyrosine kinase activity of trkA is essential for 
survival. 

Downstream to the activation of pl40trk receptor, 
NGF induces the rapid and persistent tyrosine phos- 
phorylation of an as yet uncharacterized protein, pi 05, 
selectively in chick sympathetic neurons. Tyrosine 
phosphorylation of pl05 can be detected already 30 s 
after treatment with NGF (data not shown), indicating 
that this is an early step of NGF-induced signal trans- 
duction. However, activated p!40trk and tyrosine- 
phosphorylated pi 05 may probably not interact di- 
rectly because ppi05 is not coprecipitated when using 
anti-trk antibodies (see Fig. I). 

Tyrosine-phosphorylated pi 05 undergoes a time-de- 
pendent progressive shift to higher apparent molecular 
masses after treatment of sympathetic neurons with 
NGF. Blots from enlarged SDS-polyacrylamide gels 
using low cross-linker indicate the presence of multiple 
species of pp!05 (data not shown). Most likely, tyro- 
sine-phosphorylated pi 05 is subjected to additional 
posttranslational modifications. 

In contrast to sympathetic neurons, NGF-stimulated 
tyrosine phosphorylation of pi 05 is transient in DRG 
sensory neurons, showing a profound difference be- 
tween both subtypes of neurons. As has been demon- 
strated previously, NGF induces the activation of 
p21ras in DRG sensory neurons (Ng and Shooter, 
1993). The activation of p21ras has been shown in 
many systems to initiate a cascade of protein phosphor- 
ylation events, leading finally to the activation of MAP 
kinases. Consistent with this idea, NGF stimulates the 
rapid tyrosine phosphorylation of a single form of 
MAP kinase (p42) in both chick sympathetic and DRG 
sensory neurons. We have identified this protein as 
a MAP kinase using an anti-MAP kinase antiserum 
directed against the mammalian ERKI and ERK2 pro- 
teins. 

Unlike NGF-stimulated tyrosine phosphorylation of 
pi 05, similarities exist between sympathetic and DRG 
sensory neurons with respect to the onset of tyrosine 
phosphorylation of MAP kinase p42. Whereas in both 
subtypes of neurons tyrosine phosphorylation of MAP 
kinase p42 is induced after treatment with NGF for 3 
min, the decrease in tyrosine phosphorylation is differ- 
entially regulated in these systems. In sympathetic neu- 
rons maximal tyrosine phosphorylation of MAP kinase 
p42 can be observed after treatment with NGF for 10- 
30 min, whereas in DRG sensory neurons maximal 
tyrosine phosphorylation of MAP kinase p42 is more 
long-lasting and decreases after stimulation with NGF 
for 1 h. The difference in the time course of NGF- 
stimulated tyrosine phosphorylation of MAP kinase 
p42 between sympathetic and DRG sensory neurons 
may be explained by either a different strength of sig- 
nal input or different inactivation of tyrosine-phos- 
phorylated MAP kinase p42 by tyrosine phospha- 
tase^) (Nebreda, 1994). 

Using the gel shift assay for detection of phosphory- 



lated proteins, we observed that the tyrosine-phosphor- 
ylated form of MAP kinase p42 shifts to a higher ap- 
parent molecular mass after treatment of sympathetic 
neurons with NGF. Because it has been shown that the 
more slowly migrating form of MAP kinase ERK2 
corresponds to the activated phosphorylated species 
(Leevers and Marshall, 1992), we can estimate from 
our blots the percentage of MAP kinase that becomes 
activated by NGF. Treatment of sympathetic neurons 
for 10 min with 10 ng/ml of NGF activates -90% of 
the MAP kinase p42, whereas only a smaller fraction 
of MAP kinase is activated after stimulation with NGF 
for 3 or 30 min. 

As was recently shown, not only the function of 
p21ras but also the activity of MEK1 is essential for 
NGF-stimulated neurite outgrowth in PCI 2 cells 
(Cowley et al., 1994). However, because in sympa- 
thetic neurons p21ras activity does not influence sur- 
vival (Borasio et al., 1993), its downstream effects are 
not necessarily coupled to prevent apoptosis. Thus, it is 
not surprising that the time course of NGF-stimulated 
tyrosine phosphorylation of MAP kinase p42 is differ- 
ent between chick DRG sensory and sympathetic neu- 
rons. It is unclear at the moment whether MAP kinase 
p42 is activated via a p2 1 ras-independent pathway in 
chick sympathetic neurons. As was shown earlier, acti- 
vation of p21ras is necessary for NGF-stimulated sur- 
vival and neurite outgrowth of chick DRG sensory 
neurons but not sympathetic neurons. Our data provide 
evidence that in DRG sensory neurons NGF signal 
transduction proceeds via the activation of.p21ras and 
subsequently MAP kinase p42. 

In addition to the neurotrophins NGF and neuro- 
trophin-3, survival of chick sympathetic neurons can 
be induced by treatment with ciliary neurotrophic fac- 
tor (Barbinetal., 1984;Ernsbergeretal., 1989),ahigh 
K + concentration (Wakade et al., 1983), or forskolin 
(Wakade et al., 1990). It is interesting that treatment 
with these agents does not stimulate the tyrosine phos- 
phorylation of pi 05, whereas neurotrophin-3 does so 
(data not shown). Our results support the working 
hypothesis that variant signal pathways may exist for 
survival in sympathetic neurons and suggest that tyro- 
sine phosphorylation of pi 05 is only involved in stimu- 
lation of survival via the neurotrophins NGF and neu- 
rotrophin-3. 

Rat pheochromocytoma PC 1 2 cells (Greene and 
Tischler, 1976) are commonly used as a model system 
for sympathetic neurons. Our study indicates that sev- 
eral differences exist in NGF-stimulated tyrosine phos- 
phorylation of proteins between chick sympathetic 
neurons and transformed PCI 2 cells: 

a. In chick sympathetic neurons maximal tyrosine 
phosphorylation of pl40trk can be observed within I 
min after treatment with NGF and persists for up to 
30 min. This time course is different from that ob- 
served for PC 1 2 cells, where maximal tyrosine phos- 
phorylation of p!40trk was reported to occur after 
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treatment with NGF for 5 min and decreased thereafter 
(Kaplan et al., 1991). 

b. In contrast to PC 1 2 cells, where NGF induces 
the tyrosine phosphorylation of many proteins (Maher, 
1988; Miyasaka et al., 1991; authors' unpublished 
data), NGF stimulates the rapid and reproducible tyro- 
sine phosphorylation of two proteins in chick sympa- 
thetic and DRG sensory neurons. The observed differ- 
ence in the number of tyrosine-phosphorylated proteins 
between NGF-treated primary neurons and PC 12 cells 
may be due to the fact that PC 12 cells are transformed 
and that these proteins may therefore be involved in 
signal transduction leading to mitosis. 

c. In contrast to PC 12 cells, where three types of 
MAP kinase (p43erkl, p4lerk2, and p45erk4) become 
tyrosine-phosphorylated after treatment with NGF 
(Bouiton et al., 1991; Ann et al., 1992; Lloyd and 
Wooten, 1992), NGF stimulates the rapid tyrosine 
phosphorylation of a single form of MAP kinase (p42) 
in chick sympathetic and DRG sensory neurons. 

Our results provide evidence that NGF signal trans- 
duction in primary neurons and transformed cells of 
neuronal origin is different at several steps. Because 
transformation and indefinite division of PC 12 cells 
are in contrast to characteristics of postmitotic neurons, 
experiments with primary neurons may result in more 
valuable information regarding NGF signal transduc- 
tion. 

In conclusion, determination of the time-resolved 
protein tyrosine phosphorylation pattern shows that the 
signaling pathways of NGF diverge downstream the trk 
receptor level between sympathetic and DRG sensory 
neurons of the chick. We have used the chick sympa- 
thetic neurons as a model to establish p2 Iras- indepen- 
dent neurotrophin signaling pathways. The rapid and 
persistent tyrosine phosphorylation of a protein pi 05 
with unknown biochemical function may imply that it 
plays an important role in this p2 lras-independent 
NGF signaling pathway. 
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